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Replacing fossil fuels with a clean and sustainable energy source is the greatest challenge 
of our generation. Concentrated solar energy can be harnessed to drive a wide range of chemical 
reactions, including renewable fuels production. Recent understanding as to the negative 
environmental effects from fossil fuels has rekindled interest in renewable energy research. In 
order to utilize concentrated solar energy for fuels production, materials of construction, reactor 
designs, and fuel production cycles must be investigated and optimized. Thermal stress produced 
during the operation of solar thermal fuels cycles can significantly reduce material lifetimes. 
Large scale adaptation of this technology hinges on the ability to create robust and efficient 
reactors. 
An extremely important component of concentrated solar energy development is designing 
robust reactors. Due to the intermittent nature of solar energy, reactors can be subjected to drastic 
temperature swings. These thermal gradients produce internal stresses that are capable of 
fracturing most high temperature ceramic materials, especially over a large number of cycles. 
Fracture test specimen were prepared and tested at a solar furnace to determine strength 
degradation as a function of max temperature, temperature cycle amplitude, thermal annealing, 
and number of cycles. Optimal operating conditions were sought for Haynes 214, alumina, and 
silicon carbide samples. All materials saw drastic reduction in residual strength after thermal 
cycling. Maximum temperature was the only factor that had a significant effect, greater than 95% 
confidence interval, on strength reduction. However, cycle number had some effect to a lesser 
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extent. This indicates that reducing operating temperatures could greatly increase material 
lifetimes. Computational modeling was also conducted to determine the location and magnitude 
of the induced thermal stresses. The solar flux energy inlet was determined through ray trace 
modeling to provide a highly accurate boundary condition. The magnitude of the induced 
stresses varied as a function of material properties. The ratio between the induced Von Mises 
stress and the yield stress of the materials allowed for ranking of the expected material 
performances. The ranking order from most robust to least was; silicon carbide, Haynes 214, and 
alumina. This corresponded well with experimental results. The method developed for thermal 
reactor material evaluation will be helpful for other researchers trying to find usable solar 
thermal materials. Well performing materials, Haynes 214 and silicon carbide, were tested with 
various solar-to-fuels cycles to better gauge their usability.  
Many different reactor designs have been proposed in recent literature. Transferring the 
solar radiation to process reactants can often be difficult. For this study a reactor design was 
created that uses multiple absorbing tubes. The absorber tubes are housed within a cavity that 
reflects spilled or emitted radiation to increase solar utilization efficiency. The reactor has been 
designed to fit the High Flux Solar Furnace at the National Renewable Energy Laboratory. Solar 
concentrating capabilities of the HFSF facility have been modeled using the ray-trace program 
SOLTRACE. Absorber tube positions were optimized to intercept a large fraction of the incident 
radiation. An attempt was also made to more evenly distribute the flux across multiple tubes. The 
outer cavity was fabricated out of polished, reflective, aluminum to reduce the systems thermal 
mass and shorten heating and cooling times during testing.  
The HFSF facility was qualified through black body calorimetery and flux versus inlet 
attenuation was mapped. Reactor performance was validated by installing absorber tubes and 
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measuring temperature distributions. Maximum temperature differences between the central and 
surrounding alumina tubes were less than 350 K, at ~1673 K central tube maximum. This 
temperature difference decreased with higher absorptivity tube materials. Radial distance from 
the central tube seemed to have the largest effect on the maximum tube temperature as the tubes 
were farther from the focal point of the incident radiation. Cavity wall temperatures were kept 
below 50 K, at maximum absorber temperatures, which indicate excellent heat reflection and 
dissipation.  
The first solar fuel cycle that was tested on the reactor system was high temperature 
biomass gasification. Laboratory experiments have shown that increasing gasification 
temperatures above 1273 K helps to reduce tar formation and increase CO and H2 production. 
Haynes 214 reaction tubes were installed to test the materials robustness under actual reaction 
conditions. Ground sorghum and corn stover were used as feedstock powders and conversions to 
CO and H2 were as high as 63%, with undetectable amounts of tars and solid byproducts. The 
product stream had an energy increase of 29% as compared to the lower heating value of the 
inlet stream. This represented a 0.2% solar to enthalpy increase efficiency for the reactor at the 
HFSF. While this number appears low, it is a non-optimized efficiency. At higher inlet flow rates 
and by utilizing of all the reaction tubes, reactor efficiency can be greatly increased. 
The feasibility and robustness of using atomic layer deposited cobalt/ferrites on alumina 
scaffolding for thermo-chemical fuels production was also tested. Alternating layers of cobalt 
oxide and iron oxide were applied to alumina supports to reduce material sintering. Alumina 
scaffoldings were used that were made from high surface area porous polymers. The scaffoldings 
were produced by coating high surface area polymer particles with alumina and burning out the 
polymer at 1073 K in air, leaving alumina shells. The resulting cobalt/ferrite layer was ~20wt% 
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of the total mass. Thermogravimetric analysis (TGA) was used to determine material degradation 
as a function of thermal cycling. Surface area of the coated shells showed increased retention as 
compared to bulk Fe2O3 nano-powder. TGA curves showed good cyclability of the powders up 
to 20 cycles. A stagnation flow reactor was used to determine hydrogen production and oxygen 
evolution rates in a reduced pressure environment. Coated shells showed 10X improved reaction 
rates and hydrogen production as compared to Fe2O3 nano-powder. Testing was also conducted 
using the prototype reactor at the HFSF with silicon carbide absorbing tubes. Both H2 and CO 
were produced with the coated shells and Fe2O3 nano-powder. Reaction rates and integrated 
production from the shells was again 10X higher than compared to the Fe2O3 nano-powder. 
Materials showed good cyclability, however there was some reaction between the evolved 
oxygen and the SiC absorber tubes. Solar utilization efficiencies for capacity operation of the 
solar reactor were calculated to be 0.27% based on test results. This is on par with current 
maximum reactor efficiencies in the field.  Additionally, it was found that isothermal chemical 
cycling can shift the spinel equilibrium and produce usable hydrogen as the crystal structure 
absorbs and releases oxygen. This finding greatly expands the usable operating conditions for 
this cycle and may help to reduce thermal stress degradation of reactor materials. 
Once thermal stresses were quantified an effort was made to find high temperature 
materials that are better suited to withstand thermal shock. Graphite is a thermal shock resistant 
high temperature material that would be well suited for solar thermal applications. However, 
graphite oxidizes above 773 K. By coating graphite with an oxygen barrier material, thermal 
shock resistant composites could help in a wide range of applications. Graphite powder was 
coated with alumina via atomic layer deposition (ALD). The powders had a marginal increase in 
oxidation resistance but coated powders showed a marked improvement in dispersability. 
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Sedimentation and isoelectric tests showed a change in particle-particle interactions which was 
also validated by decreased particle size distributions of coated particles. Alumina-graphite 
composites showed enhanced thermal properties such as thermal diffusivity, thermal 
conductivity, and thermal expansion when compared to uncoated composites. This research 
provides a method to enhance bulk material properties of composites specifically using hard to 
disperse additives such as graphite and potentially carbon nanotubes.  
The work in this thesis represents a broad investigation into the feasibility of using 
concentrated solar thermal technology for renewable fuels production. Research pertaining to 
materials robustness, reactor design, and fuel production cycles has advanced the state of the art. 
Rudimentary experimentation with this technology was conducted decades ago. New research is 
needed to deal with the engineering challenges that are hindering large scale adaptation of 
concentrated solar energy today.  
 
 
 
 
 
 
 
 
 
  “The hardest thing to explain is the glaringly evident which everybody had decided not to see” 
- Ayn Rand 
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1. Introduction 
 
1.1 Motivation 
Energy is essential for maintaining our current way of life. It has fueled our societal and 
technical revolution of the past century. Unfortunately, the oil and coal that we’ve used to 
provide our energy is becoming scarce. The reserves that were once plentiful and easily attaina-
ble are now dwindling under the load of society’s gluttony. Not only are we rapidly depleting our 
supplies, but the byproducts from mining and combustion are slowly changing our planet and 
making it less hospitable to life. It is imperative that we develop new ways of producing energy 
that are derived from sustainable sources with reduced byproducts.  
The simple solution to this problem is to reduce society’s energy usage. This could easily be 
achieved by making small changes in our consumption habits. Walking and riding bikes instead 
of driving, changing the thermostat a few degrees, reducing our use of consumable products and 
increasing recycling. We already have all the tools we need to secure a long lasting energy 
supply and to reduce our emissions. However, this issue is not solely a scientific problem but 
instead a societal problem. Scientists and engineers must find methods of energy production that 
are not only renewable and clean, but cost effective and simple to implement within our current 
infrastructure.  
Estimates of remaining oil reserve lifetimes are between 30-100 years, based on current con-
sumption rates [1-3]. This represents an extremely short timeline with which to convert global 
energy production practices. It is expected that as supplies begin to dwindle price increases may 
extend the reserve lifetimes, but also force consumption changes. Countries that have invested in 
alternative energy sources will be at a significant advantage to those that have squandered their 
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time and resources. The standard of living across the globe will decrease due to soaring food and 
transportation costs. The global human population is estimated at 7 billion individuals and 
growing [4]. Our population has been soaring out of control since the advent of modern medicine 
and the development of modern agricultural practices. Yet still millions of people go hungry and 
die of starvation every year. If energy prices increase, that directly affects the price of food and 
transportation. The number of humans going hungry could reach billions if that were to happen.  
Additionally, global climate change is already reaping havoc by producing more frequent 
and violent storms and raising the average global temperature. Scientists attribute these changes 
to greenhouse gas emissions from fossil fuel combustion [5, 6]. The average global CO2 levels 
of the last 650,000 years have been eclipsed in the relatively short lifetime of the industrial 
revolution. The “greenhouse” effect caused by increasing CO2 and CH4 levels has caused the 
earth’s temperature to increase by 1°C over the past hundred years [7]. This seemingly small 
increase in temperature represents a huge increase in energy absorption within our atmosphere. 
This energy translates to rapid melting of polar icecaps and glaciers, violent changes in ocean 
and wind currents, and production of weather anomalies such as droughts and flooding. The long 
term effect on global food production could be devastating to our already malnourished popula-
tion. 
With such gloomy predictions for our future it is clear that an alternative energy approach is 
needed. When looking for alternative energy sources there is no single solution that will be 
feasible for all regions. But clearly, solar energy is the most abundant energy source in our solar 
system. Vast amounts of energy enter our atmosphere every day. The amount of solar radiation 
hitting the earth’s surface is ~173,000 TW at any given time, which is over 1 million times the 
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energy use of the entire human population [8]. Converting diffuse sunlight into energy is howev-
er, quite a challenge.  
The original solar energy conversion route, photosynthesis, is only 3-6% efficient at con-
verting solar to usable energy [9]. Photovoltaic systems have a higher efficiency of between 6 
and 43% but this again requires massive areas to approach global energy usage, and typical 
installed PV efficiencies are around 11-16% efficient [10]. Concentrated solar energy systems 
have a theoretical efficiency approaching Carnot (85%). Embodiments include troughs, dishes, 
and power tower systems. Higher concentrations are capable of achieving higher efficiencies. 
Large scale concentrated solar systems heat an absorption media such as molten salt which 
produces steam for energy. These systems have shown production efficiencies of 17-21% with 
concentrated Stirling systems achieving 31% efficiencies [11]. Reactor design is crucial for 
attaining the highest efficiencies possible.  
The intermittent nature of solar energy makes consistent process control difficult. Several 
different reactors have been designed over the years to facilitate efficient conversion of solar to 
fuels production. Key considerations include robust material selection and high thermal capacity 
to cope with inlet power loss due to cloud cover. Several processes are under investigation for 
fuels production. All of them have special conditions that must be taken into account when 
designing reaction chambers. High temperature materials must be capable of withstanding the 
chemical environment and the thermal stresses that are produced during solar processing.  
The locations with the most abundant amounts of solar energy also tend to be the most re-
mote. This is a significant drawback for electricity production since transmission losses account 
for 7% of energy loss in the United States [12]. It is desirable to convert solar energy into a more 
transportable fuel. For easy implementation within our existing infrastructure, gasoline would be 
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the best fuel to produce. Biomass gasification is capable of producing CO and H2 which can be 
reformed to higher hydrocarbons, such as gasoline or diesel. However, hydrogen has been in the 
spotlight recently due to its high energy capacity and the fact that its only byproduct is water. 
Use with highly efficient fuel cells makes the overall efficiency of the hydrogen fuel cycle very 
attractive. Currently, 98% of hydrogen is produced from fossil fuels [13]. Direct water splitting 
to produce hydrogen is the most sustainable and environmentally friendly approach. The goal of 
this work is to utilize concentrated solar energy, in an efficient and cost effective way, to produce 
renewable fuels which can wean society off its addiction to fossil fuels. The primary challenges 
that must be overcome are understanding and alleviating the thermal stresses that are produced 
within reactor materials.  
1.2 Project Scope 
This thesis primarily investigates renewable fuels production using concentrated solar ener-
gy as a heating source. In order to bring this technology to an industrial level, several 
engineering challenges need to be addressed. Reactor design is of the utmost importance since 
efficiency can be most greatly increased through proper reactor design. However, for most fuel 
production processes the reaction conditions include high temperatures, corrosive environments, 
and creation of thermoelastic stresses. These conditions need to be characterized in order to 
properly design robust reactors. Optimization of process conditions for two fuel production 
cycles will be explored to further improve process efficiencies. Finally, a novel approach is taken 
to produce robust materials with enhanced thermal shock properties. 
 An investigation has been made into the harsh conditions created within these solar ther-
mal reactors during processing. Several potential materials including Alumina, Silicon Carbide, 
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and Haynes 214 have been investigated for their ability to survive these harsh conditions. The 
different materials characteristics will be discussed and their feasibility to be used with the fuel 
production cycles will be compared. In addition, the thermal stresses produced during rapid 
cooling and heating, which is inherent to solar testing, have been investigated through computa-
tional modeling and experimental thermal cycling. Results and comparison of these two methods 
will be discussed and suggestions will be made regarding material performance.  
Next, a concentrated solar prototype reactor has been constructed which flows reactant 
powders through absorber tubes, which is referred to as indirect radiation. Reactants are en-
trained in the gas flow using a fluidized bed feeder. Construction and design of this system will 
be described. The reactor houses 5 absorber tubes within a polished aluminum cavity. A cooled 
glass window allows sunlight into the cavity from the exit of a hexagonal secondary concentra-
tor. Tests at the National Renewable Energy Laboratory will be discussed that investigate reactor 
performance and process validation for high temperature biomass gasification and the Co-
Fe2O4/hercynite, CO2 and water splitting, cycles. A new approach has been taken to create high 
surface area reactive particles. Alumina ALD coatings were applied to high surface area polymer 
substrates. After coating, the polymer substrate was baked out to leave high surface area hollow 
alumina scaffolding. Additional ALD coatings of Fe2O3 and CoO were deposited and the 
particles were calcined to create a high surface area reactive particle with a skeletal substrate to 
provide stability and reduce sintering. The results of the thermal stress study were used in the 
selection of absorbing reactor materials to further validate the results of the stress study.  
A novel approach has been taken to produce composite materials that have beneficial ther-
mal and structural properties. Atomic layer deposition has been used to coat graphite particles, 
which have beneficial thermal properties. The coated particle showed improved dispersion 
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within sintered composites as compared to uncoated particles. The enhanced dispersion resulted 
in improved thermal properties such as thermal conductivity, thermal diffusivity, thermal expan-
sion, and heat capacity. The approach of incorporating ALD coated particles into composites 
may prove beneficial for “hard to disperse” materials such as carbon nanotubes.  
Successful scale up of concentrated solar technology is contingent on finding solutions to a 
number of engineering challenges, which include, improving reactor efficiency, optimizing fuel 
production cycles, and accommodating the thermal stresses that are encountered during solar 
operation. Investigating all of these issues requires knowledge in several different fields. This 
thesis should provide a thorough assessment of the state of solar thermal technology and provide 
insight into the many challenges that the technology faces. 
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2. Background 
 
2.1  Concentrated Solar 
Concentrated solar energy uses mirrors or lenses to focus large areas of diffuse sunlight, 
to produce high temperatures in absorbing media. The high temperatures that are produced can 
be used to drive a wide range of chemical reactions. The mirrors that are typically used in these 
arrangements have a reflectivity of 95-98% depending on what reflective material is being used, 
silver or aluminum, and whether the mirrors are front or back surface reflectors [1]. Front surface 
reflectors have higher reflectivity since there is no glass the light must pass through, but these 
mirrors are much more susceptible to scratching and damage. Many concentrated solar systems 
employ secondary optics which helps to further concentrate the sunlight or improve and clean up 
the flux pattern. These secondary systems can take the form of lenses or reflective troughs. 
Concentrations as high as 22,000 suns have been achieved through the use of secondary optics 
[2].  
All heat engine systems have a maximum theoretical efficiency equal to that of a Carnot 
engine. Any heat engine that uses concentrated solar energy as a heating source still has a 
theoretical limit of Carnot’s efficiency. Carnot’s theorem states that the maximum efficiency that 
any heat engine can attain is solely dependent on the difference between the hot and cold tem-
perature reservoirs. Carnot’s equation is: 
     ᢡ௠௔௫ = 1 െ  
்಴
்ಹ
                                                    (1) 
ZKHUH ݅ LV WKH HIILFLHQF\ DV GHILQHG E\ WKH UDWLR RIZRUN GRQHE\ WKH KHDW HQJLQH WR WKH KHDW
drawn from the hot reservoir, TC is the temperature of the cold reservoir, and TH is the tempera-
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ture of the hot reservoir [3]. The sun has a radiation intensity approximately equal to that of a 
black body at 5800K and the earth is a sink at a temperature of 298K. According to Carnot’s 
equation the maximum theoretical efficiency of a solar heat engine is 95% [4]. The energy that 
drives heat transfer is governed by the equation:  
    ݍଵ՜ଶ = ߪܣଵܨଵ՜ଶ( ଵܶସ െ ଶܶସ)      (2) 
ZKHUHıLVWKH6WHSKDQ-Boltzmann constant, A1 is the area of the emitting body, Fĺ is the view 
factor from body 1 to body 2, and T1 and T2 are the individual body temperatures. The intensity 
of the solar radiation that is reaching the earth’s surface is reduced to about 1/46,000th due to the 
view factor between the earth and the sun and the effects of absorption and scattering within the 
atmosphere [5]. So a black body, on earth, absorbing the solar radiation at such a low intensity is 
not capable of achieving very high temperatures. By multiplying the intensity through increasing 
the flux concentration, higher temperatures can be achieved. The maximum theoretical concen-
tration factor would then be 46,000 suns, which would achieve a temperature of 5800K, with a 
perfectly insolated black body, and there would then be no temperature differential to drive heat 
transfer. Actual solar reactor efficiencies are described roughly by the equation: 
    ᢡ௥௘௔௖௧௢௥ =
ொೌ್ೞ೚ೝ್೐೏ିொ೗೚ೞ೟
ொೞ೚೗ೌೝ
    (3) 
where Qsolar is the incoming solar energy, Qabsorbed is the energy absorbed by the system, and 
Qlost is the energy lost by the system typically through re-radiation at high temperatures. With a 
perfect optics system, equal absorbing and emitting areas, and assuming black body properties 
for the reactor this efficiency equation turns into: 
    ᢡ௥௘௔௖௧௢௥ =
൫ூ஼ିఙ ೓்
ర൯
ூ஼
     (4) 
in this equation I is the solar flux intensity (1000 W/m2) multiplied by the concentration C to 
calculate the total incoming flux and the energy lost is calculated using the Stephen-Boltzmann 
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equation where Th is the reactor temperature. Total system efficiencies for ideal concentrated 
solar systems are then described as ᢡ௧௢௧ = ᢡ௥௘௔௖௧௢௥ כ ᢡ௖௔௥௡௢௧ which can be seen in Figure 2.1 [6].  
Figure 2.1  Maximum theoretical efficiency for concentrated solar systems from Fletcher et al [6]. 
In order to realize the theoretical high efficiencies, solar-thermal reactor designs need to be as 
efficient as possible. Ideally, reactors with high concentrations and small aperture openings 
would be capable of the highest efficiencies. The theoretical efficiency prospects of concentrated 
solar indicate a distinct advantage that this technology has over photovoltaic systems especially 
when it comes to production of fuels such as hydrogen. Processes and systems that require high 
temperatures may be the easiest to convert to a concentrated solar system as the process will 
essentially be identical and only the heating source will change. Concentrated solar energy has 
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been a proposed heating source for such processes as; hazardous waste remediation, fullerene 
production, lime production, metal reduction from oxides and ores, and fuel or energy produc-
tion. It is the final application, fuel and energy production, which is the most compelling. Unlike 
photovoltaics, which convert photons directly to electricity, energy is produced by heating a fluid 
which drives a turbine or by conducting a reaction that chemically stores the energy for later use. 
 
2.2 Commercial Applications 
Current commercial scale embodiments of concentrated solar energy range from parabol-
ic troughs and dishes to large mirror fields that project sunlight onto an elevated receiver tower. 
A solar “power tower” facility consists of a reflective mirror field which tracks the path of the 
sun, through a two axis tracking system, and reflects sunlight onto a central receiver [7]. Typical-
ly, flat mirrors are used but slightly parabolic mirrors can be used to improve solar utilization. 
Concave reflectors do have a greater cost however. Depending on the process, particles or heat 
transfer media absorb the solar energy within the receiver. This technology has been proven on 
large scales to be a feasible, environmentally friendly way of driving high temperature reactions 
[8]. Two existing facilities PS10 and PS20 are in operation in Spain and have electricity capaci-
ties of 10 and 20 MW respectively. These existing, commercial scale facilities produce energy by 
heating steam, at ~573 K and 50 bar, which drives a turbine for electricity generation [9]. Storage 
of the steam has been implemented to provide electricity during periods of reduced solar insula-
tion or during the night. Other approaches to thermal storage include the use of molten salts 
which act as a heat transfer and storage media [10]. To increase solar utilization efficiency, fuels 
production is an attractive option. Storing the produced energy in a chemical state reduces 
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transmission losses associated with electricity generation. Fuels also accommodate for demand 
fluctuations, storage, and use remotely in vehicles or other devices. 
2.3 Solar Thermal Fuel Production 
 For solar thermal fuel production, there are several different methods currently being in-
vestigated. The most promising routes include biomass gasification/pyrolysis and multi-step 
water splitting for hydrogen or carbon monoxide production [11-15]. These reactions must be 
carried out at much higher temperatures than current commercial scale systems and thus benefit 
from the efficiency gains that come with higher concentrations.  
2.3.1 Biomass Gasification 
The utilization of biomaterial as a fuel was the first and still is one of the largest means of 
energy production across the world. Biomass is typically utilized by burning the material and 
utilizing the released heat, either directly or through a heat engine [12]. While this form of 
energy production contributes to the release of carbonaceous greenhouse gases into the atmos-
phere, the biomass pulls the carbon from the atmosphere when it is grown. This carbon cycle 
makes biomass utilization, in effect, carbon neutral [13]. Practical utilization can still have 
detrimental environmental effects, which manifest as deforestation and destruction of habitats. 
That is why source streams of dedicated energy crops or biomass waste must only be used in this 
type of energy economy.  
When biomass is heated in an inert or oxygen deficient environment, the product stream 
typically resembles the following: 
CxHyOz ĺ&2H2, CH4, CO2, H2O 
These products, typically referred to as “syngas”, can either be burned directly in a tur-
bine or reconstituted into higher order hydrocarbons through well known catalytic processes. 
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This method allows for the creation of higher energy density products, such as gasoline and 
diesel, which can be easily stored and directly implemented into our mainstream fuel grid. By 
adding a hydrogen source, such as water, the equilibrium concentrations of the product gasses 
can be shifted to accommodate the desired catalytic product. For instance, Fischer-Tropsch 
reforming of syngas to transportation fuels requires a CO:H2 ratio of ~0.7. Depending on the 
feedstock, the gasification product ratio may be inadequate. Modification of the product equili-
brium through the addition of H2O, CO2, or CH4 for example, can help to optimize the product 
stream for the catalytic processing [16].  
Biofuels have received increased interest as a sustainable, carbon neutral, and home 
grown energy source. However, all biofuels are not created equal. Ethanol production through 
biological fermentation has benefited from large government subsidies due to the effective 
lobbying efforts of the agricultural industry. Ethanol made from corn or other high sucrose 
containing crops often have a zero or negative net energy benefit [17]. In other words, the energy 
required to produce the ethanol is equal to or greater than the energy recovered from utilizing the 
ethanol. The low energy content is due to the fact that fermentation processes typically only 
utilize a small portion of the input biomass, the sucrose. The other constitutive materials such as 
cellulose, hemicelluloses, and lignin are much harder to convert [18]. That external energy 
requirement can come from either fossil fuels or renewable sources. If renewable sources are 
used, then the overall process efficiencies are greatly reduced. These types of poor process 
efficiencies do little to reduce our dependence on fossil fuels.  
For any long term energy solution, there needs to be an emphasis on net energy and pro-
duction efficiency. Unless fermentation routes can be discovered which utilize a greater portion 
of the biomass inlet, then gasification appears to be the most feasible route towards near term 
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fuel production from biomass. The difficulties with gasification are not all together trivial 
though. The main difficulties come from the need for a renewable heating source and the han-
dling of tars that are typically produced. Gasification requires minimum temperatures of ~673 K 
and higher temperatures produce favorable kinetics and product. Typically, this heat is provided 
by burning a portion of the inlet or product stream. This can typically be anywhere between 20-
60% depending on the efficiency of the furnace [19]. While this route requires no external 
heating source, it significantly reduces the fuel yield per mass of biomass.  
Another difficulty facing biomass gasification is the production of tars. Tars are high mo-
lecular weight hydrocarbons that can clog process equipment or deactivate down stream catalysts 
[20]. Tar removal occurs primarily through two means. The first is by filtration. This involves 
passing the product stream through a series of filters that are capable of being replaced or 
cleaned often, which can be quite expensive. The recovered tars must then be disposed of which 
is not altogether trivial as metals and other toxic molecules can be present in large quantities. 
The other method of tar reduction is through intensification of the process conditions [21]. 
Primarily, increased reaction temperatures and/or pressures reduces tar production. High temper-
ature biomass gasification/pyrolysis, greater than 1273 K, has been shown to reduce tar 
formation and improve filter lifetimes. Utilizing solar energy as a heating source for biomass 
gasification/pyrolysis increases efficiency by eliminating the need to burn the feedstock or 
product stream for heat. Additionally, the carbon footprint of the process remains essentially zero 
with a solar heating source, as opposed to using natural gas or electricity produced from coal 
plants. The high efficiencies that concentrated solar can achieve at high temperatures makes the 
technology even more attractive for use with biomass. The remaining challenges involve design-
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ing a reactor that can cope with the high temperatures, corrosive environment, and thermal shock 
issues that accompany the process.  
2.3.2 Hydrogen Production 
Current methods of hydrogen production are almost exclusively obtained from fossil fu-
els. World production of hydrogen is approximately 0.1 Gton annually with 98% of that 
hydrogen coming from fossil fuel derived methods [22]. The most utilized method of hydrogen 
production is through steam methane reforming. Methane, obtained from natural gas, is com-
bined with steam in the presence of a catalyst at high temperatures (723-1023 K) to produce a H2 
and CO mixture, referred to as syngas [23, 24]. The CO can then be combined with water in the 
water gas shift reaction to produce additional H2 and CO2. The CO2 that is produced during this 
process is then released to the atmosphere and contributes to the global “greenhouse” effect. 
While the utilization of the hydrogen in a fuel cell is very efficient (83% theoretically and 50-
70% practically) and only produces water vapor, the production of that hydrogen contributes to 
our climate change [25]. It is clear that a renewable non-polluting method of hydrogen produc-
tion is preferable. 
The most common and well known method of renewable hydrogen production is through 
water electrolysis using electricity produced from renewable sources, such as hydroelectric, 
wind, or photovoltaic systems. A current is passed through water resulting in dissociation of the 
hydrogen and oxygen atoms at the anode and cathode. Electrolysis is capable of producing high 
purity easily separable streams of hydrogen and oxygen [26]. Efficiencies for current electrolyz-
ers are ~30%, as defined as energy input converted to stored hydrogen energy [27]. The 
hydroelectric capacity for the USA is currently spoken for with no near term plans to expand 
[28]. Wind energy is one of the fastest growing renewable energies, but it is dispersed and very 
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intermittent. Electricity production through solar thermal is ~20% efficient and through PV is 
~10% efficient [29, 30]. Combined with the electrolyzer efficiency, the result is a 3-6% solar to 
hydrogen efficiency. Estimates of future electrolyzer efficiencies are around 45%, but again that 
only increases the total process efficiency to 9% [27]. Alternatives to electrolysis include photoe-
lectrochemical splitting, direct thermal dissociation of water, or dissociation through multistep 
redox cycles.  
Photoelectrochemical splitting of water relies on the absorption of photons at specific 
wavelengths which are capable of breaking the hydrogen bonds in water. Theoretical efficiencies 
of the photoeletrochemical process are as high as 91% due to low current density requirements 
[26].  Photocatalytic semiconducting materials such as titania have been proven to facilitate the 
dissociation of water by absorbing solar spectrum wavelengths. Titania has received great 
interest due to its low cost, chemical inertness, high efficiency, non-toxicity, and photostability. 
The band gap of titania is very high though (3.2 eV), which requires radiation in the UV spec-
trum which only accounts for 6% of solar irradiation. The visible spectrum accounts for 45% of 
solar irradiation and many researchers are investigating ways to shift titania’s optical response to 
the visible spectrum which would greatly increase the material’s efficiency. Current record 
efficiencies for photoelectrolysis devices are at 6% but lifetimes are extremely short, on the order 
of days [31]. The short lifetime of these devices severely reduces the ability for the technology to 
be implemented on an industrial scale. 
The direct thermal dissociation of water at 1 atm is thermodynamically predicted to occur 
at a temperature of 4300 K [32]. Experiments have shown dissociation at temperatures as low as 
2500 K but reactor wall materials are suspected of having an effect on reaction rate [33]. While 
direct dissociation seems like a simple and straight forward solution, there are significant chal-
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lenges to this approach. The high reaction temperatures are beyond the capability of most 
materials to contain the reaction, and the products are extremely corrosive so a highly inert 
material is required. Zirconia is stable and relatively inert up to 2500 K, but it is very susceptible 
to thermal shock degradation, especially at high temperatures. The product stream from direct 
dissociation is an extremely volatile mixture of H2 and O2 which readily recombines in a highly 
exothermic reaction. The high temperatures of the product stream only help to facilitate the 
recombination reaction [34]. Rapid quenching and separation of the product stream are required 
to prevent explosive recombination.  The use of porous ceramic membrane separators has been 
investigated. Again, zirconia membranes have been proposed due to their high temperature 
stability and excellent hydrogen separation abilities. However, it has been shown that sintering of 
the membranes can be initiated at temperatures as low as 2073 K. This sintering results in pore 
collapse and reduction in hydrogen permeability through the membrane [35]. Clearly, exotic and 
novel high temperature materials are needed before direct water thermolysis can be a feasible 
technology. 
2.3.3 Multi-step Water Splitting 
As an alternative to direct water splitting, multistep cycles are an attractive option for 
achieving the same net result. There are currently as many as 350 identified multistep cycles, 
some with theoretical efficiencies greater than 40% [36]. The reduction step of these cycles is 
often much lower than that of direct water splitting which allows for the use of more convention-
al reactor materials. Additionally, the reduction and oxidation steps of the cycle can be 
conducted separately which eliminates the problem of separating the reactive products. The net 
result remains the same in that water is split into its constitutive elements, hydrogen and oxygen. 
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There are a large number of potential cycles that are theoretically feasible. Metal oxide redox 
cycles are one of the more promising subsets currently under investigation.  
The simplified conceptual model of these cycles consists of a high temperature reduction 
step where oxygen is reduced from the reaction material and a low temperature step where 
oxygen is then reintegrated into the material from water and hydrogen is produced. The cycle 
steps follow the general reaction: 
Oxide Reduction:  MxOy ĺ0xOy-į į22      (5) 
Oxide Oxidation:  MxOy-į į+22ĺ0xOy į+2      (6) 
where M represents a metal species. The net reaction is the same as direct water splitting where 
one mole of water is split into one mole of H2 and half a mole of O2. There are a wide range of 
temperatures in which the reduction step can be conducted for the different cycles. A large 
amount of research has historically been conducted on cycles which operate at “low tempera-
tures” that can utilize waste heat from nuclear reactors. This waste heat was limited to >1573 K, 
as that was the maximum safe operating temperature for nuclear reactors [37]. Some of these low 
temperature cycles that have been investigated include hybrid sulfur, sulfur iodine, and copper 
chloride [38-41]. These reactions typically involve an increased number of cycle steps and 
handling of hazardous chemicals. The low temperature reduction step, 1163 K for sulfur iodine, 
is much more feasible from a materials standpoint though.  
 Cycles that fall under the “high temperature” classification typically involve metal oxides 
and reduction temperatures greater than 1573 K. The first proposed metal oxide cycle was the 
Fe3O4 cycle, proposed by Nakamura [42]. Others that have been investigated recently include 
the ZnO cycle, the Mn2O3 cycle, the CeO2 cycle, and the mixed metal ferrite cycles. Perkins et 
al. have shown that the ZnO cycle has significant disadvantages due to the vaporization of the Zn 
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the reduction temperatures which can exceed 1973 K [43]. Deposition of the Zn vapor on the 
quench zone and recombination of the Zn and O2 make this cycle difficult. Reduction efficien-
cies of 18% have been published for an aerosol flow reactor with a water cooled copper quench. 
Other groups have produced results with solar efficiencies as high as 29% in a cavity receiver 
reactor [11]. The engineering challenges associated with high temperatures of the dissociation 
step and the separation of the gas phase products make this cycle very challenging.  
Francis et al have recently investigated the Mn2O3 cycle [44]. The dissociation tempera-
tures of this cycle are between 1773-1873 K. The solid phase Manganese Oxide from the 
reduction step is less volatile and conversions as high as 75% have been achieved within an 
aerosol flow reactor. The Mn2O3 cycle involves three steps which utilize sodium hydroxide as 
the intermediate. After high temperature reduction, the oxygen deficient manganese oxide reacts 
with sodium hydroxide to produce H2 and NaMnO2. The NaMn2 is then reacted with water in 
the third step to regenerate the Mn2O3 and the sodium hydroxide. Issues have arisen due to the 
incomplete dissociation of the sodium within the manganese oxide phase. Studies are still 
ongoing as to the cyclability of the sodium doped material and whether deactivation of the oxide 
increases with the number of cycles.  
Ceria has received a large amount of interest recently as an excellent candidate for ther-
mal water splitting. CeO2 is an excellent oxygen donator and absorber based on the oxygen 
partial pressure of its surroundings. Catalytic converters contain ceria which helps to reduce NOx 
and CO emissions from cars. At temperatures around 1773 K, ceria is capable of being reduced 
to a sub-stoichiometric state which can then be reacted with water to produce hydrogen [45]. The 
amount of oxygen that can be evolved is on the order of 4 times smaller than the oxygen evolved 
from ferrites [46]. However the reaction rate has been shown to be significantly faster than the 
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ferrite rate, implying that a higher number of cycles can be performed to makeup the deficit 
oxygen reduced at high temperatures. Another issue that has been found with the ceria cycle is 
the propensity for ceria to react with most materials at high temperatures. Testing conducted at 
Sandia National Laboratory has show strong reaction between ceria and most high temperature 
refractories at the reduction temperatures [46]. Dopants and innovative configurations are being 
investigated to increase the oxygen evolved during cycling and reduce reactivity between the 
ceria and other materials [47]. Chueh et al recently published H2O and CO2 splitting data using 
rigid ceria monoliths within a windowed cavity reactor [48].  An annular gap was maintained 
between the ceria and the insulating alumina cavity everywhere except for the bottom part of the 
ceria. As many as 500 cycles were achieved with this system, on-sun. Solar-to-fuel efficiencies 
as high as 0.8% were achieved with this system. Reaction between the ceria was limited to the 
bottom section that was in contact with the alumina insulation. This work represents a great step 
towards enhanced reactor design for concentrated solar applications. Further work is required to 
control or eliminate Ceria reaction with reactor components. 
Investigation of the CoFe2O4 cycle shows the formation of a slag phase around the ther-
mal reduction temperatures of ~1773 K. This can be seen in Figure 2.2, where the decrease in 
solid oxides species indicates a phase transition into a slag phase [49]. Even at lower tempera-
tures the oxides can sinter significantly and reduce reaction rates due to reduction of surface area 
which requires diffusion through the solids which have much slower kinetics. Incorporation of a 
mixed metal phase results in elimination of the slag phase and a reduction in the high tempera-
tures required for oxygen reduction. Tamaura et al investigated Ni, Mn ferrites and were able to 
show sub-stoichiometric reduction of the ferrite at temperatures as low as 1373 K [50].  
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Figure 2.2 Thermodynamic equalibrium for CoFe2O4, from Scheffe et al [49]. 
 
While the amount of hydrogen produced was concluded to be insufficient for large scale 
use, the retention of the solid phase and decrease in reduction temperatures showed potential for 
other mixed metal ferrite cycles. Figure 2.3 shows the thermodynamic equilibrium species of 
Fe2O3 as compared to doped ferrites [51]. Metal dopants such as Mn, Zn, Co, and Ni have been 
incorporated into the Fe3O4 spinel as a replacement for Fe (MxFe3-xO4). These dopants are 
thermodynamically predicted to decrease the reduction temperature as shown by Allendorf et al. 
The thermodynamic predictions for Co and Ni doped ferrites show reduction temperatures below 
1700 K. Ferrites with Co and Ni also showed greater extent of oxygen evolution at temperatures 
~1673 K, presumably due to formation of sub-stoichiometric oxide phases.  The Zn doped 
ferrites however, were shown to increase the required reduction temperatures. The presence of 
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Zn on the reaction walls confirmed the prediction that the Zn vaporizes at the required reduction 
temperatures [52]. 
Figure 2.3 Equilibrium of various doped ferrites (blue) and the evolved oxygen (red), Allendorf et al [51]. 
To further improve the reaction kinetics and reduce sintering it has been proposed that 
thin films of ferrites deposited on high surface area substrates might achieve positive results. 
Kodama showed higher stability and increased hydrogen production when ferrites were depo-
sited on substrates such as zirconia and yttria stabilized zirconia(YSZ) [53]. It was also observed 
that the formation of a solid solution between the Fe and the substrate during high temperature 
reduction was reversible upon oxidation of the ferrite. The improved cycle stability that was 
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observed for supported ferrites has lead to additional research which includes investigation of 
alumina substrate interactions.  
Scheffe et al deposited Fe and Co films on inert substrates by atomic layer deposition 
(ALD) in order to investigate the feasibility of producing cyclable films [54]. Alternating layers 
of Fe and Co were deposited on zirconia and alumina substrates. The materials were then cal-
cined and subjected to thermochemical cycling. For the coated zirconia powders, increased 
reaction rates, hydrogen yield per gram material, and cyclability were achieved through this 
method. For the alumina substrates, reaction between the active ferrite and the alumina substrate 
resulted in the creation of a hercynite phase which was capable of being thermochemically 
cycled without deactivation. The thermodynamic predictions can be seen in Figure 2.4. The 
reaction proceeds according to the following reaction: 
   CoFe2O4 + 3Al2O3 ĺ&R$O2O4 + 2FeAl2O4 + ½ O2    (7) 
   CoAl2O4 + 2FeAl2O4 + H22ĺ&R)H2O4 + 3Al2O3 + H2  (8) 
There was also a significant decrease in the required reduction temperatures for the hercynite 
powders. Significant amounts of hydrogen were produced at reduction temperatures of 1473 K 
and oxidation temperatures of 1273 K [49]. The hercynite cycle presents an interesting powder 
for investigation with solar thermal water splitting. ALD shows promise as a method for produc-
ing and investigating ferrite stoichiometries and substrate interactions.  
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Figure 2.4  Equilibrium composition for CoO and Fe2O3 on Al2O3 supports, Scheffe et al [54]. 
 
2.4 Atomic Layer Deposition 
Atomic layer deposition (ALD) is a vapor phase coating process developed in the 1970’s that 
utilizes alternating precursors to finely control layer composition and thickness [55]. Originally 
developed and used in the semiconductor industry, ALD can be used to deposit a wide range of 
oxides, nitrides, and base metals. Analogous to CVD, which simultaneously introduces coating 
precursors into a reaction chamber, ALD relies on separated surface reactions between the 
precursors and the substrate. The precursor coating steps are separated by inert gas purging steps. 
ALD is a stepwise process that typically follows the procedure; dose of precursor A until surface 
reaction sites are saturated, inert gas purge, dose of precursor B until surface reaction is com-
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plete, inert gas purge. This ABAB process can be repeated until the desired thickness or compo-
sition is achieved. The alternating reaction to deposit alumina, for example, follows: 
(A)  AlOH* + Al(CH3)3 ĺ$O2$O&+3)2* + CH4  
 (9) 
(B)  Al(CH3)* + H22ĺ$O2+* + CH4     (10) 
where the * indicates a surface species and trimethylaluminum is the initial precursor and water 
is the second [56]. Often the chemistries used in CVD can be adapted to an ALD process.  The 
vapor phase nature of this process eliminates any line of sight restrictions and allows for coatings 
on and within porous or high surface area substrates. Multi layers or engineered coatings are also 
achievable through cycling of different chemistries [57]. Optimization of the ALD process relies 
on in situ analysis techniques to indicate saturation of the surface species and conserve precursor 
material. Techniques such as mass spectrometry, FTIR spectroscopy, and the use of a quartz 
crystal microbalance have been employed to detect reaction products, shorten cycle times, and 
reduce precursor waste. Resulting coatings are typically amorphous, pinhole free, and uniform 
[55].   
 The ALD process is also well suited for coating powders. The high surface area, difficult 
flow and handling characteristics require a gas phase coating process. Coating of particles was 
first performed by Ferguson et al in 2000 [58]. Since then significant research has been con-
ducted to develop reaction chemistries and optimize coating reactors and conditions. Fluidized 
bed reactors are well suited for particle ALD due to the excellent gas solid contact, heat transfer, 
and fluid nature of the particles which reduces agglomeration. Wank et al first demonstrated 
fluidized bed particle ALD [59]. Since then a large number of substrates and coating chemistries 
have been published. Additional agitation has been shown to assist in fluidization. This agitation 
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can be in the form of stirrers, vibration plates, or gas jets. Hakim et al characterized the pinhole 
free nature of coated particles through electron spectroscopy, decreased oxidation of iron nano-
particles, and elimination of photocatalytic activity of coated titania particles [60]. TEM images 
of conformal coatings applied via ALD can be seen in Figure 2.5.  Hakim also investigated the 
changes in interparticle forces and dispersion of ALD coated particles using zeta potential 
measurements and particle dispersions in liquid suspensions.  
Zeta potential refers to the electrokinetic potential of particles in suspension. The quantity 
of this potential dictates the repulsion and attraction of the particles within the suspension and 
how well the particles will stay in suspension or agglomerate and flocculate out of suspension 
[61]. Measurement of the zeta potential involves applying an electric field across the suspension 
and measuring the velocity with which the particles migrate toward the electrode with opposite 
charge. The velocity is calculated using a Laser Doppler Anemometer. A shift in the laser 
frequency or phase can be related to Zeta potential through the Smoluchowski equation. Changes 
in the surface characteristics of particles in suspension can have a profound effect on the perfor-
mance of a colloidal suspension. Hakim showed that ALD improved dispersion in liquids and in 
solid mixtures that resulted in improved composite characteristics [60].  
28 
 
      
 
Figure 2.5 TEM images of particles coated via atomic layer deposition, Hakim et al [60]. 
 
ALD coating of metals has been under investigation recently as the resulting deposition of base 
metals produce different coatings as compared to oxides and nitrides. Work conducted by 
Martensson has shown that ALD of metals result in the formation of islands at low cycle num-
bers [62]. The nano-islands have received much interest as a method of producing highly active 
catalysts. Dispersion and catalytic activity of ALD deposited metal islands show much promise. 
Figure 2.6 compares ALD platinum deposition compared to typical platinum deposition achieved 
through wet impregnation [63, 64]. 
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Figure 2.6  Comparison between incipient wetness and ALD platinum island coating. 
 
2.5 Thermal Shock 
The issues with active thermochemical materials need to be researched and optimized be-
fore solar thermal fuel production can be scaled up. Additionally, and equally important, the 
thermoelastic stresses that are produced as a result of normal solar operation need to be unders-
tood and designed for. Commercial scale solar thermal plants need to have operating lifetimes of 
~40 years. Regular maintenance and replacement costs must be accounted for when preparing 
economic projections for operational costs and revenues. Because of the difficult and highly 
statistical nature of material lifetime predictions, very little work has been published pertaining 
to solar thermal reactor lifetimes.  
Thermal stresses arise during solar thermal operation either from daily heating and cooling, 
due to sunrise and sunset, or from rapid loss of the incident flux due to cloud interference. The 
optics system of a solar thermal facility can also play a large role in the creation of thermal 
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stress. Typical high temperature furnaces deploy arrays of heating elements surrounding the 
reaction vessel in order to provide uniform energy flux. In a solar thermal system it is desirable 
to have energy enter through a small window, in order to reduce re-radiation losses. This confi-
guration results in an extremely large energy flux on only a small portion of the reaction vessel. 
Thermal stress is a result of both spatial and temporal thermal gradients.  
From a solid state physics perspective, thermal energy is transported within a crystalline lat-
tice through phonon interaction. The vibration of atoms within the lattice occurs at Eigen 
frequencies specific to the material, atom location in the lattice, and the amount of ener-
gy/temperature of the material [65]. When additional energy is introduced to the system at one 
point, it is transported to the rest of the system by electromagnetic interactions due to frequency 
differences between the lattice atoms. The rate at which energy can be transported within a 
lattice is limited by these interactions. At large vibration mode differences between neighboring 
atoms, constructive interference can result in energies large enough to break the bonds between 
neighboring lattice atoms. Atoms located at edges of crystal planes are then more likely to spawn 
dislocations because they have more vibrational degrees of freedom, due to fewer neighbor 
interactions. Predicting when a dislocation will occur and how much energy is required, is a 
difficult task due to the non-ideal crystalline structure of most commercial materials and the 
statistical nature of phonon frequency interference.  
From a classical mechanics perspective, thermal stress is created due to dissimilar thermal 
expansion within the spatial components of a material [66]. This is a simplified view of the 
phenomena but allows us to use continuum equations to describe the system with empirical 
corrections for different materials. The governing equations for displacement and temperature 
are given by the linear dynamic theory of thermoelasticity. In Einstein summation convention: 
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Stress-strain relation: 
 ߪ௜௝ =  ߣߝ௞௞ߜ௜௝ + 2ߤߝ௜௝ െ  (3ߣ + 2ߤ)ߙ(ܶ െ ଴ܶ)ߜ௜௝   (11) 
Strain-displacement relation: 
     ߝ௜௝ =
ଵ
ଶ
(ݑ௜,௝ + ݑ௝,௜)      (12) 
ZKHUHıLVVWUHVVİLVVWUDLQȜ DQGDUH/DPHVFRQVWDQWVĮLVWKHUPDOH[SDQVLRQFRHIILFLHQW7
and T0 UHIHUWRWHPSHUDWXUHGLIIHUHQFHVįLVGLUDFGHOWDDQGu is the displacement [67]. Deriving 
the equation of motion is done by setting up a force balance on a volume element which results 
in the following equation: 
    ׬ (ܨ௜ െ ߩݑపሷ )ܸ݀ + ׬ ௜݂  ݀ܵ
 
ௌ = 0
 
௏     (13) 
where the first term is the difference of the volume forces, Fi, and the inertial forces, ߩݑపሷ , 
integrated over the volume and the second term is the surface integral of the surface stresses, fi. 
The surface stress is the stress component normal to the surface according to: 
 ௜݂ = ߪ௜௝ ௝݊      (14) 
where ıLVDJDLQVWUHVVDQGQLVWKHXQLWQRUPDOYHFWRU6XEVWLWXWLQJHTXDWLRQLQWRHTXDWLRQ
(13) and applying the divergence theorem results in an equation of motion over an arbitrary 
volume as: 
      ܨ௜ + ߪ௜௝,௝ = ߩݑపሷ     (15) 
Figure 2.7 displays the stress components as they would act on a volume element. Substituting 
equations (11) and (12) into equation (15) results in an equation of motion of the form: 
    ߩݑపሷ = (ߣ + Ɋ)ݑ௝,௜௝ + ߤݑ௜,௝௝ െ (3ߣ + 2Ɋ)ߙ ,ܶ௜                        (16) 
The corresponding energy equation is: 
    ݇ ,ܶ௜௜ = ߩܥ௣ ሶܶ + (3ߣ + 2Ɋ)ߙ ଴ܶߝ௞௞ሶ     (17) 
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Figure 2.7  Stress components acting on volume element.  
where k is the thermal conductivity and Cp is the heat capacity. These equations are typical for a 
classical continuum approach and relate thermal creation to stress creation and vice versa. These 
equations are acceptable for modeling most thermal stress phenomena. However, like most 
classical continuum equations of the time they are incomplete due to the neglect of relativistic 
effects. As they stand, equations (16) and (17) predict that if an isotropic, homogeneous elastic 
material is subject to a mechanical or thermal disturbance, the effect of that disturbance will be 
felt instantly at distances infinitely far from the object. This propagation velocity would be 
infinitely fast and violate the theory of relativity and speed of light. This paradox has been 
investigated and several researchers have proposed solutions based on more general relations 
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between temperature and displacement. A comparison of three solution methods, Lord-Shulman 
[68], Green-Lindsay [69], Chandraskharaiah [70], and the classical equations show some differ-
ences between the theories but show that the Lord-Shulman has less over shoot [71]. 
 The general differences between the classical thermal stress equations and those of Lord-
Shulman lie in the heat conduction equation that is used. The most general linear relation be-
tween heat flux, qi ,, and temperature, T,i , is: 
    ݍ௜ + ܽݍపሶ + ܣ௜௝ݍఫሶ = ܾ ,ܶ௜ + ܤ௜௝ ,ܶ௝    (17) 
where  a, Aij, b, and Bij are material properties. For an isotropic elastic solid the equation simpli-
fies to: 
     ݍ௜ + ߬଴ݍపሶ = െ݇ ,ܶ௜     (18) 
in which k is thermal conductivity and Ĳ0 is the relaxation time needed for the material to reach 
steady state conduction in a volume element when a temperature gradient is imposed. A classical 
approach to heat conduction neglects the relaxation time term and produces the following: 
      ݍ௜ = െ݇ ,ܶ௜     (19) 
which is the well know Fourier law of heat conduction. If we include the relaxation time compo-
nent, which essentially imposes a speed limit for heat transport, then we get the corrected 
conduction equation: 
   ݇ ,ܶ௜௜ = ߩܥ௣൫ ሶܶ + ߬଴ ሷܶ ൯+ (3ߣ + 2ߤ)ߙ ଴ܶ(ߝ௞௞ሶ + ߬଴ߝ௞௞ሷ )  (20) 
which corrects for the relativistic limitations on the system. The classical theory predicts a 
diffusion type phenomena where the Lord-Shulman equation predicts a wave like phenomena, 
which is referred to as “second sound” within a material. If equation (20) is rewritten in the form 
of a wave equation: 
   ሷܶ + ଵ
ఛ೚
ሶܶ െ ௞
ఘ஼೛ఛబ ,ܶ௜௜
= (3ߣ + 2Ɋ)ߙܶ(ߝ௞௞ሶ + ߬଴ߝ௞௞)ሷ    (21) 
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where the coefficient in front of the third term on the left side represents the square of the wave 
propagation velocity, v2. If we assume that wave propagation in a solid is limited to the speed of 
sound within the solid, a, then since a wave can propagate in any direction the average root mean 
squared in any direction is: 
      ݒ = ௔
ξଷ
      (22) 
Therefore the relaxation time can be expressed as: 
      ߬଴ =
ଷ௞
௔మఘ஼೛
     (23) 
where the speed of sound in a solid is described as: 
      ܽ = ටாఘ     (24) 
in which E is the elastic modulus and ȡ is again the density of the material [72]. These equations 
now relate the Lord-Shulman equations to physically measureable material properties. These 
corrected equations have been used to model thermoelastic stresses produced by thermal shock 
events [73]. Inputs for these shock events typically take the form of a stepwise heat input func-
tion. Several papers have investigated the stress produced from laser pulses which finds use in 
fields such as micromachining and biomechanics [74]. No papers have been found that utilize 
thermal stress heat inputs that are specific to solar thermal applications. The modeling of solar 
thermal heat boundary conditions is often conducted using a ray trace procedure.  
Ray trace modeling discretizes sunlight into thousands of vector elements that can be dis-
tributed in a “pill box” or Gaussian array. These vectors then interact with optical elements based 
on the laws of optical mechanics [75]. Through this type of modeling solar flux profiles can be 
obtained. Often these flux profiles can be used as boundary conditions for CFD modeling [76].  
Lewandowski et al experimentally quantified flux and power measurements for the HFSF [77]. 
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Most of the available experimental data pertaining to thermal shock of ceramics quench with 
either water [78, 79] or with high pressure air [80]. These experiments do not consider the 
transient portion of stress or temperature during a thermal shock or thermal cycling event. The 
calculated thermal stress is therefore only related to the total temperature difference during the 
event and rate is neglected. For realistic applications, temperature changes do not occur instanta-
neously. As such, researchers have found discrepancies between thermal shock data and 
quenching medium composition and temperature [81]. Samples quenched in room temperature 
water result in the formation of a vapor curtain at the surface which impedes heat transfer and 
results in differing results when compared to quenching in boiling water or oil [82, 83]. In order 
to obtain reliable thermal shock data for solar thermal systems, an application specific testing 
method must be produced. This method should include concentrated solar heat inputs and 
cooling rates indicative of the specific application.  
2.6 Lifetime Predictions 
 Thermal cyclic fatigue is a field of application where a lot of work has been done on very 
specific cases [84-86]. There is no general theory which takes frequency, amplitude, stress ratio 
and temperature into account all together. All cases are for a special combination of the above 
mentioned criteria and are not useful for another set of criteria. Since fatigue of ceramics is 
highly dependent on manufacturing and treatment, it is difficult to make a general statement 
about thermal fatigue properties. Typical stress assessments require a stress history of the materi-
al to estimate crack growth and material lifetimes. The stresses induced during solar thermal 
operation are not uniform, therefore, a measured stress history must be coupled with dynamic 
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crack propagation equations to estimate material lifetimes. The initial defect size, shape, and 
density must be estimated based on the material in question.  
Once initial defect estimates are know, the stress intensity field around the defect can be calcu-
lated. The stress intensity field is crack shape dependant and allows for the estimation of crack 
growth as a function of macroscopic body stresses. In this case, the body stresses are thermoelas-
tically induced. The equations for stress intensity, K, and crack growth rate, ࢊࢇ
ࢊࡺ
, at constant 
amplitude loading are: 
 ܭ = ܵξߨܽĳ       (25) 
   
                                                                        ௗ௔
ௗே
= ܥ(οܭ)௡            (26) 
where S is applied stress, a LV KDOI FUDFN OHQJWK ĳ LV D JHRPHWULF SDUDPHWHU1 LV WKH QXPEHU RI
cycles, n is the slope and C is the intercept of the log log plot of crack growth rate and change in 
stress intensity [87]. For variable loading, several methods are employed to predict crack growth. 
Cycle by cycle crack growth values can be applied to each stress cycle. This method needs to take 
into account the plastic zone that was created by the proceeding crack and how that affects the 
subsequent crack growth. The second method replaces the variable load history with an equivalent 
constant amplitude load profile. Depending on the crack growth response to variable loading, the 
stress intensity factor can be estimated by taking the root mean square for the load history and 
assuming constant loading amplitude. The third method involves splitting the load history into 
multiple constant amplitude segments with corresponding amplitudes indicative of the process 
loading. Once values for the crack growth equations are estimated from experimental results, the 
material lifetime can be calculated based on the crack size and internal stress of the material. 
37 
 
      
 Coupling computational modeling and lifetime predictions is a difficult task due to the 
large sample number and high variance that occurs during experimental testing. Determining, 
lifetimes and material constants from experimentation for brittle materials is highly statistical 
due to the variance in sample morphology and composition from the manufacturer. However, 
attempts must be made to increase our prediction capacity especially in relation to concentrated 
solar heating profiles. In-situ monitoring methods employed in high temperature pressure vessel 
applications, such as acoustic emissions detection, will be helpful during operation but won’t 
assist in estimating plant operation costs. In order to reduce risk associated with funding such 
capital intensive projects, some amount of prediction must be employed. 
2.7 High Temperature Composites 
Materials that are typically employed for high temperature solar thermal applications must 
be robust, as they are subjected to an array of harsh conditions. Most important is the materials 
high temperature stability. For thermochemical cycles discussed previously, temperatures 
ranging from 1073-1973K can be expected. Even the highest performing metal alloys have 
usable limitations of ~1473K, and they can see precipitous material property degradation at 
temperatures around 1273K. One particular super alloy, Haynes 214, will be discussed further, 
but for the most part ceramics are the only potentially usable materials based on the high temper-
ature application requirements. Additionally, chemical inertness at high temperatures is required 
since all of the thermochemical cycles discussed involve high temperature oxygen evolution 
followed by steam or carbon monoxide splitting which produces volatile hydrogen or carbon 
monoxide. The final and least accounted for material requirement is thermal shock resistance.  
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High temperature metal alloys that are capable of use above 1273K are typically primarily 
composed of nickel and chromium. The melting temperature of nickel is 1726K and chromium is 
2130K which accounts for the mechanical stability at high temperatures. In oxidizing environ-
ments, it has been shown that formation of a Cr2O3 layer slows oxygen diffusion into the alloy 
and increases material lifetime at high temperatures [88]. Many types of Inconel alloys are 
primarily composed of nickel chromium. One of the most promising super alloys that shows 
potential for employment in concentrated systems is Haynes 214. This alloy is again composed 
primarily of nickel and chromium but with the addition of aluminum which imparts it robustness 
up to 1573K. The aluminum has been shown to create an Al2O3 layer at high temperatures which 
give the material enhanced oxidation resistance when compared to Cr2O3 alone [89]. The 
thermal shock resistances of metals are several orders of magnitude improved as compared to 
ceramics. It would be of great importance if lower temperature cycles could be found which can 
use Haynes 214 as a reactor construction material. However, the mechanical stability of Haynes 
214 at these elevated temperatures is still under investigation. 
Ceramics typically used in high temperature applications include alumina, zirconia, and sili-
con carbide. Alumina has a melting temperature of 2345 K and a recommended usable 
temperature of 1973 K [90]. It is extremely inert and very robust under laboratory furnace 
conditions. However, when heating rates are not finely controllable, alumina is susceptible to 
thermal shock and fracture. Zirconia has a melting temperature of 2988 K and a usable tempera-
ture of 2673 K [91]. It is also inert but suffers from worse thermal shock degradation than 
alumina. Silicon carbide has a melting temperature of 3003 K and a usable temperature rating of 
1773 K in air [92]. Silicon carbide forms a protective SiO2 layer at high partial pressures of 
oxygen which protects it from further oxidation into the solid. Silica (SiO2) has three tempera-
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ture dependent forms; the highest form cristobalite melts at 1988 K. However, due to the limited 
time that the ceramic will be exposed to high temperatures most of the oxide layer will be the 
amorphous form of silica. It has been shown that annealing for 50-60h at 1573 K will completely 
crystallize the oxide layer in the most stable cristobalite form. However, at low partial pressures 
of oxygen, the passivation layer oxidizes according to the following reaction: 
SiC(s) + 3/202 (g) ĺ SiO2(s) + CO (g)   (26) 
SiC(s) + O2 (g) ĺ SiO (g) + CO (g)    (27) 
in which the oxygen forms a gaseous SiO instead of a protective SiO2 layer [93]. The thermal 
shock properties of silicon carbide are superior to alumina or zirconia, however, making it an 
interesting material.  
Carbon is one of the most functional materials known to man. With a high thermal and elec-
trical conductivity, pressed carbon elements have found use in a large range of high temperature 
applications. Low thermal expansion makes carbon almost impervious to thermal shock. Gra-
phite is the most commonly used form of carbon and has a melting point of 3773 K. 
Unfortunately all forms of carbon oxidize at temperatures above 773 K [94].  While extremely 
well suited for harsh thermal conditions, carbon must be kept in an inert environment to have any 
usable lifetimes.  
Clearly, there is no off the shelf material that can accommodate all of the requirements for 
long term solar thermal use. The challenge then becomes finding new materials that exhibit all of 
the desired characteristics. Some methods proposed to accomplish this include, imparting 
oxidation resistance through deposition of an oxygen barrier layer or creating composites that 
impart the favorable thermal properties.  
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Several groups have investigated the effect of thin film coatings as a means of oxidation 
prevention. Moghtaderi et al deposited Al2O3/ZnS coatings on iron and iron alloy particles 
which showed an increase in the oxidation temperature on the order of 100 K [95]. Hakim et al 
also showed enhanced oxidation resistance of iron particles after coating with alumina ALD thin 
films [96]. While no group has imparted oxidation resistance improvements on the order of 1000 
K, there may be thermal expansion mismatches that cause barrier cracking and loss of oxidation 
resistance. Blending of ALD coatings can help to construct a thermal expansion gradient that 
may be even more robust at higher temperatures.  
Composite materials have been extensively investigated with promising results. Incorpora-
tion of secondary dopants can have beneficial effects on the bulk properties of the composites. A 
common example that is often in use today is yttria stabilized zirconia, YSZ. In this composite 
the yttria improves the mechanical properties of the bulk zirconia by occupying some Zr posi-
tions in the crystal lattice. This ion replacement gives the bulk material a greater ability to 
dissipate and cope with external stresses. Other composites gain material property improvements 
through the creation of lattice dislocations or through the incorporation of beneficial dopant 
properties into the bulk [97]. Crack propagation within a crystalline solid occurs on grain boun-
daries. Incorporation of secondary materials within the crystal structure has been shown to cause 
crack tip blunting which slows crack propagation and improves material lifetimes under cyclical 
stress conditions [87].  
A large amount of research has been conducted on the incorporation of carbon into com-
posite materials in order to improve thermal, electrical, and material properties of the bulk [98-
100]. Typically, in these types of composites, the loading of the beneficial material, carbon or 
carbon nanotubes, is large enough to effect bulk properties. Material property improvements are 
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achieved through high cross-sectional loading and not necessarily from lattice incorporation or 
dislocation formation. Again, Hakim et al have published results showing the incorporation of a 
secondary material by coating the primary particles via ALD, then sintering to create a compo-
site [60]. It was shown that at the coating interface, a secondary phase was produced within the 
bulk that lead to different bulk material properties. Often dispersion of dopants into the bulk can 
be difficult due to the poor flowability of the particles. ALD presents an interesting method to 
evenly incorporate secondary materials within the bulk by coating all of the primary particles 
before sintering. There are several potential methods that can be employed to create better suited 
solar thermal materials of construction, but potentially improving reactor design can help to 
reduce material stress conditions and improve overall reactor robustness. 
2.8 Reactor Design 
Another method to create more robust process reactors is through better design of the so-
lar thermal reactors themselves. A myriad of reactor designs have been employed which all have 
some beneficial aspects and some drawbacks. The important factors that must be considered in 
reactor design include efficient optical solar utilization, recuperation of product energy, and 
material robustness.  
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Figure 2.8 a) Schematic of concentric tube reactor, b) picture of reactor used for methane reforming from 
Dahl et al [101]. 
 
In order for solar thermal processes to approach theoretical efficiencies, high optical effi-
ciencies are required. This is achieved through high concentration of the solar flux into some 
form of cavity receiver which is highly insulated with low radiation losses. Dahl et al used a 
concentric tube reactor with an outer quartz tube and an inner graphite tube to conduct methane 
reforming [101]. This reactor design was capable of achieving high temperatures due to the 
utilization of graphite since methane reforming does not include any oxygen containing species. 
A schematic of the reactor can be seen in Figure 2.8. It can be seen that the absorbing tube had a 
large view factor to the environment which resulted in significant radiative heat loss. Moller et al 
proposed a ZnO reactor which flows powder down a sloped refractory surface that is absorbing 
the incoming solar flux [102]. The vapor phase products of the ZnO reaction were swept out of 
the top of the system while the unreacted particles are recycled through the bottom of the system. 
A schematic of this system can be seen in Figure 2.9.  
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Figure 2.9  Schematic of SLOPE – a solar chemical reactor for the solar thermal decomposition of ZnO. (1) 
reactor chamber, (2) ZnO-slope, (3) Quartz window, (4) Outlet for non-reacted ZnO, (5) Feeding system, (6) 
inert gas inlet, (7) chimney for gaseous products [102]. 
The large window for this system means that large amounts of energy are lost through reradia-
tion. This type of energy loss is unacceptable for large scale reactor design and has lead most 
researchers to construct cavity based systems.  
Many reactor or process designs for multistep water splitting cycles require either particle 
transport from high and low temperature reactors, or attenuation of incoming solar flux and gas 
switching. For a multi-reactor or multi-zone system, heat from the high temperature step can be 
recuperated through preheating of active materials or gas reactants. An example of a reactor that 
has high heat recovery is the CR5 reactor constructed by Sandia National Labs [46]. The CR5 
utilizes counter rotating rings of active material in a cylindrical cavity reactor. A schematic can 
be seen in Figure 2.10. 
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Figure 2.10  CR5 reactor from Sandia National Lab [46]. 
 
The counter rotation of the rings allows for the material coming from the hot side of the reactor 
to exchange heat with material from the cool side of the system. While this reactor design is a 
creative solution to recuperating product heat, it does not address the thermal shock that arises 
during cycling. Additionally, the complexity of the moving components and the extreme process 
conditions lend themselves to premature failure of the system at small time scales (~1 week). 
Other embodiments of systems that maximize product heat recuperation and solar insulation 
have multiple chambers which exchange heat through a common wall. Roeb et al have investi-
gated a dual chamber reactor in which the solar flux is switched between the two sides [103, 
104]. A silicon carbide honeycomb structure coated with active material is within each chamber 
and as one is cooling with steam or CO2 flow the other is reducing in an inert environment.  This 
design doubles the aperture size but increases the solar utilization and recuperates some amount 
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of heat between the chambers. The honeycomb structures used as supports have higher thermal 
shock resistance due to the reduction of stress formation in thin structures. However, it has 
recently been shown that the silicon carbide reacts with the evolved oxygen and is not capable of 
long term use [105].   
As reactor design has evolved through a trial and error process, many groups are finding 
that the material requirements for reactor design are not trivial. As such, several groups have 
adapted their reactor designs to reduce thermal shock on reactor components. Osinga et al 
proposed a dual chamber reactor in which the first chamber consisted of a graphite absorber and 
the second chamber had a ZnO/carbon mixture flown in thermal contact with the graphite 
absorber [106]. This design can be seen in Figure 2.11. This approach was taken to reduce the 
thermal shock on the system by having the graphite absorb and distribute the solar flux. By co-
feeding a carbon source with the ZnO the oxidation of the graphite absorber may have been 
significantly reduced. This form of reactor would be difficult to adapt to cycles that evolved 
oxygen unless an inert absorber material could be found. Many groups have taken the approach 
of directly irradiating the reactive particles as a way to eliminate thermal shock issues. Prof. 
Steinfield’s group at ETH in Zurich, Switzerland has come up with many direct radiation reactor 
designs. The first of which discussed by Hirsch et al creates a gas vortex at the focal point behind 
a secondary concentrator [107].  
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Figure 2.11  Two chamber solar thermal reactor proposed by Osinga et al [106] 
The product particles are then entrained in the vortex flow and heated while in gas suspension. A 
second design discussed by Haueter et al uses the same windowed inlet, but instead of a gas 
vortex, particles are feed into the reaction chamber through a screw feeder and held against the 
walls of the rotating reaction chamber through centripetal force [15]. This reactor was designed 
for ZnO splitting and the insulation on the rotating chamber walls is made of a ZnO felt that is 
fairly robust to thermal shock. The inlet particles stick to the wall and are heated as they rotate 
with the reactor walls. Good reaction efficiencies have been recorded through this type of design, 
but some issues can arise due to the complexity of the moving high temperature components. 
The two reactors can be seen in Figure 2.12. Both of these systems mitigate thermal shock by 
having the reaction particles absorb the energy directly. Another proposed design by Kodama et 
al uses a circulating fluidized bed composed of reactive particles [108]. This approach essentially 
eliminates the thermal shock issues by directly irradiating particles. This design can be seen in 
Figure 2.13. Unfortunately, this design is only capable of running in a batch mode due to the 
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diffusion issues that would arise trying to purge the O2 generated at the top of the system and 
remove the H2 generated at the bottom of the system.  
 
Figure 2.12 a) Vortex gas flow reactor, b) Rotating reactor with 1) rotating cavity-receiver, 2) aperture, 3) 
quartz window, 4) CPC, 5) outside conical shell, 6) reactant feeder, 7) ZnO layer, 8) purge-gas inlet, 9) 
product outlet, 10) quench device; from Haueter et al [13]. 
 
Figure 2.13 Fluidized bed solar reactor from Kodama et al [108] 
Clearly, extensive work has been directed towards producing robust and functional solar 
thermal reactors. Under the conditions required for the discussed water splitting cycles very few 
materials are capable of prolonged use. This field is at the forefront of high temperature material 
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design, renewable fuels production, and solar reactor research. The approaches taken to commer-
cialize this technology include lowering cycle temperatures, improving reactor material 
robustness, and optimizing reactor design to accommodate all of the unique constraints.  
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3. Solar Thermal Stress Evaluation 
 
 
3.1 Abstract 
Concentrated solar facilities produce large energy fluxes and temperature gradients within 
absorbing materials. Daily cycling and cloud cover produce temperature fluctuations that create 
thermo-mechanical stresses within materials of construction, which can greatly reduce servicea-
ble lifetimes. In order to estimate and increase material lifetimes, thermo-mechanical stresses 
must be quantified. A method has been developed for modeling and testing stresses produced 
within the solar thermal industry. A thermo-elastic computational model has been built to 
simulate solar thermal conditions at the High Flux Solar Furnace (HFSF) at the National Renew-
able Energy Laboratory. Solar flux inputs, for the computational model, were obtained through 
ray trace modeling of the optical elements. Thermal stress locations and magnitudes were 
obtained for simulations mimicking a cloud induced thermal shock event.  Surface stresses as 
high as 113% of material ultimate stresses were calculated from the models. A small set of 
experiments were conducted by thermally cycling tensile and flexural samples of Haynes 214, 
SiC, and Al2O3. Residual strength of cycled samples follows a similar degradation order as 
predicted from modeling results. This work presents a testing scheme that can be adapted and 
employed to any concentrating optics system for evaluation of material robustness and stress 
formation. 
3.2 Introduction 
Solar energy is an abundant yet diffuse energy source. In order to efficiently harvest solar 
flux, concentrating optics can be used to produce a high quality thermal source. The creation of 
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transportation fuels from concentrated solar energy processes, typically require high operating 
temperatures greater than 1373 K [1]. Operation at such high temperatures pushes the limits of 
most conventional metals. Ceramics are typically well suited for high temperature operation. 
However, solar heating also produces temperature fluctuations caused by unexpected cloud 
cover. Such rapid temperature changes can produce thermoelastic stresses in materials of con-
struction and excess process downtime. Many materials that are typically used for high 
temperature applications are adversely affected by repeated thermal fluctuations. As research in 
solar thermochemical fuel cycles moves from the laboratory to “on sun” experimentation, 
thermal stress and material lifetimes need to be considered when designing and operating high 
temperature solar reactors. Concentrated solar energy facilities produce unique flux profiles on 
absorbing elements based on the configuration of the optical elements. In an electric or gas 
furnace, heating elements can be placed uniformly around the absorbing elements, thus, reducing 
thermal stress caused by spatial temperature gradients. Because the sun is a constantly moving 
target, it is difficult to create a flux profile that is uniform across absorbing elements. Some 
groups have investigated using spinning reactors which take the one directional flux and distri-
bute it circumferentially [2]. Cavity reactors with absorbing or reflecting walls have also been 
designed to distribute incoming flux and create more uniform temperature gradients [3]. All of 
these designs are still susceptible to temperature fluctuations due to cloud cover, unless there is 
an alternative heating source. The rapid temperature changes that are produced during such 
events create large thermo-mechanical stresses that cause reduced material lifetimes. To better 
design solar-thermal reactors thermal stress creation must be modeled and quantified. Reactors, 
materials, and optics systems can then be improved to reduce these adverse effects.  
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3.3 Methods 
Common thermal shock and lifetime testing for high temperature materials involves ther-
mal cycling through controlled heating, followed by quenching into a water or oil media [4-6]. 
While the quench method may provide important data for comparison between materials, it is 
less helpful in determining material robustness under process specific stresses. Temperature 
changes during quenching occur over short times which ignore rate dependant stress formation 
by assuming instantaneous temperature change. In solar thermal applications temperature 
changes occur over non-finite time periods which make stress calculations much more difficult. 
Computational modeling is the best approach for calculating thermal stresses in materials subject 
to complex thermal cycles. Material lifetimes can be estimated from the resulting stress values 
but testing under actual process conditions helps to narrow the margins in this highly statistical 
estimation. 
 
For processes under 1273 K, many high temperature metals can be used that are ductile 
enough to have long performance lifetimes when subjected to thermal shock. For reactions 
greater than 1273 K, usable materials are limited. High temperature alloy Haynes 214 has been 
reported to maintain mechanical integrity at temperatures up to 1573K [7]. Though, depending 
on the solar-to-fuel process in question, operating temperatures can be as high as 2073 K for 
ZnO dissociation [8]. Typical high temperature materials such as silicon carbide and alumina 
maintain mechanical stability at elevated temperatures, but, due to their high thermal expansion 
coefficients and low thermal conductivities, temperature gradients cause crack propagation and 
premature failure. Lifetime assessment is heavily dictated by the stress conditions that materials 
are subjected to. Application specific test methods are the best way to estimate material lifetimes. 
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A computational model was constructed to analyze the internal stresses produced within the 
samples subjected to thermal shock at the National Renewable Energy Laboratory’s HFSF. The 
results were compared to residual strength values for experimentally tested samples as a way to 
compare modeling and experimental results. Failure samples of Haynes 214, SiC, and Alumina 
were constructed and thermally cycled at NREL’s HFSF.  
3.3.1 Modeling 
The computational multi-physics program COMSOL was used to model the thermal 
shock stress production in test samples of common high temperature materials. Both the heat 
transfer and structural mechanics modules, which are provided by COMSOL, were used for the 
construction of these models. Model geometries were constructed to match the experimental 
samples which included flexural bars (ASTM C1161, [9]) for alumina and silicon carbide 
ceramics samples and tensile dog-bones for Haynes 214 samples (ASTM E 8-04, [10]). Individ-
ual material characteristics were imported from the COMSOL material library.  
3.3.1.1 Thermal 
The common form of the heat equation used in the model is: 
 
ߩܥ௣
߲ܶ
߲ݐ
+ ߩܥ௣ݑ ή ׏ܶ =  ׏ ή (݇׏ܶ) + ܳ 
 
where ȡ is density, Cp is specific heat capacity, T is absolute temperature, u is the velocity 
vector, k is thermal conductivity, and Q is a heat source term [11, 12]. The only energy input 
boundary condition came from the solar flux which was modeled as a boundary heat source. The 
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profile of this input was determined through ray trace modeling of the HFSF optical components, 
using the program SOLTRACE. In this program the solar energy flux is discretized into millions 
of vector elements. The direction and distribution of the solar vector elements are dictated by 
user defined sun position and irradiance distribution. The vector elements then interact with the 
optical elements of the concentrated solar facility according to the law of cosines and the optical 
properties of the elements, which are user defined [13]. A flux profile was then created which 
had the same shape and intensity as that which the actual samples are subject to. A regression of 
this profile was used as the heat flux input boundary condition. The equation for the inlet was: 
 
ݍ௜௡ = ܽ݁
ି଴.ହ൬ቀ௫ି௫బ௕ ቁ
మ
ାቀ௬ି௬బ௖ ቁ
మ
൰ 
 
where x0  í m, y0 = 0.0002 m, a = 2819.4970 W/m2, b = 0.0449 m, c = 0.0282 m. Figure 
3.1 shows the resulting flux profile and the curve which describes the boundary condition. Cloud 
cover was simulated by multiplying the inlet flux by a rectangular wave function. The heat loss 
boundary conditions consisted of natural convection from all of the faces and sample reradiation 
to the surroundings that were at room temperature.  
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Figure 3.14 Inlet flux profile with surface regression as obtained from ray-trace modeling. 
 
The stress portion of the model was constructed using linear elastic stress equations with 
the thermal expansion component related through the Duhamel-Hooke’s law: 
 
ߝ =  
1
2
(׏ݑ + ׏ݑ܂) 
 
ݏ =  ݏ଴ + ܥ: ൣߝ െ ߝ଴ െ ߙ(ܶ െ ௥ܶ௘௙)൧ 
 
where İ is the strain tensor, u is the displacement, s is the stress tensor, C is the 4th order elastici-
ty tensor, “:” is the double-dot tensor product, s0 and İ0 are initial stress and strain, Į is the 
thermal expansion tensor, T and Tref are the temperature and reference temperature [14]. The 
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materials were modeled as isotropic solids that were free to expand in all directions. The only 
constraint was a fixed point in the center of the rear face of the geometries. The geometries were 
meshed using tetrahedral elements at a density greater than 6,000 elements per model. The 
maximum element size was set at 1.8mm with a minimum element size of 0.018mm.  
 
The thermal portion of the model was solved first, independent of the stress equations. 
While there is a coupled stress-temperature correlation the contribution to the sample solution 
was relatively small. After the thermal solution was solved for, the stress equations were solved 
based on the time dependant temperature distribution. Once maximum stress values were ob-
tained for the sample cycles and geometries, the values were compared to the yield stresses.   
3.3.1.2 Experimental 
The most reliable approach to fatigue testing is to subject materials to the exact stress 
loading that they would see in the field. In order to validate the computational stress model, 
thermal fatigue testing was conducted at the HFSF. The facility has a 10 m2 sun tracking helios-
tat, which reflects incident radiation onto a primary concentrator. The primary is composed of 25 
parabolic hexagonal mirrors that focus the sunlight up to 2100 suns concentration. The focused 
sunlight then passes through a secondary concentrator which acts to clean the image and further 
concentrate the flux to 2500 suns. All of these elements can be seen in Figure 3.2.  
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Figure 3.15  NREL optical elements. From left to right; heliostat, primary concentrator, and secondary 
concentrator. 
Three potential reactor materials were tested: Haynes 214, Alumina, and Silicon Carbide. 
The two ceramics used in these experiments were selected because of their prominent use in high 
temperature applications and due to their drastic differences in thermal shock resistance [15-17].  
Fatigue samples were constructed to measure strength degradation as a function of thermal 
cycles. The Haynes samples were fabricated according to ASTM E8-04, which is for tensile 
testing of metal samples. Because tensile testing of ceramics is considerably more expensive, 
ceramic fatigue samples were constructed according to ASTM C1611. This standard is for 
flexural testing of ceramics. Because the ceramic samples were subjected to thermal fluctuations, 
a fully articulate 4-point testing rig was constructed for use with the samples. The body of the 
testing rig was machined out of 17-4 stainless steel with an average initial hardness of 34.6 HRC. 
The body components were heat treated according to H 900 heat treatment requirements, 755 K 
for 1 hour, to obtain a hardness of 44.1 HRC. Loading dowels were constructed out of reamer 
blank tool steel with a hardness of 58 HRC. Three of the four loading dowels were capable of 
accommodating samples that may have warped as a result of the thermal shock testing, as per 
ASTM standard specifications. The testing rig can be seen in Figure 3.3.  
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Figure 3.16  Fully articulated 4-point flexural testing rig. Constructed according to ASTM C1161 specifica-
tions for heat treated flexural samples. 
 
Since the objective of these tests was to determine thermal stresses specific to reactor ma-
terials used at the HFSF, the samples were placed behind the secondary concentrator at a position 
typical to where absorbing materials would be located, 5cm in this case. Sample temperatures 
were monitored using a Heitronics KT-19.01 solar blind pyrometer and a type B thermocouple. 
The heating and cooling rates, as well as the flux profile that the samples were subject to, were 
similar to that of the reaction tubes used in the reactor described in a previous publication [3].  
Thermal cycling of the samples was controlled by a cooled hydraulic shutter which was able to 
quickly block the incoming solar flux. The shutter was operated by a LABVIEW VI that had 
variable frequency control and the ability to set the number of cycles. It was important to inves-
tigate the effect that multiple factors had on the strength degradation response. The experimental 
matrices for the materials varied slightly to accommodate material constraints and additional 
factors that may have affected strength degradation.  
Ceramic surfaces were ground with a 600 grit diamond grinding wheel. Once fabricated 
all samples were heat treated to remove any residual stresses. Half the alumina samples were 
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heat treated at 1423 K for 5 hours and half of the samples were annealed for 22 hours to test the 
effect of crystal phase on thermal shock resistance. Silicon Carbide samples were heat treated at 
1423 K for 22 hours in air to form a uniform oxide layer. Haynes samples were annealed at 1373 
K for one hour, in air, to remove any residual stresses and establish a uniform oxide layer.  Two 
control samples were randomly selected for each material and baseline values for the yield 
strengths of the materials were averaged and compared to literature values. Test samples were 
then cycled at the HFSF according to the experimental matrix for the material. The Haynes 214 
experimental matrix was a 23 full factorial design with two replicates. The factors were solar 
heating power, cycle period, and number of thermal cycles. The levels for the power factor were 
2 kW and 2.5 kW which corresponded to sample temperatures of 1523 K and 1623 K respective-
ly. The cycle period was controlled by changing the timing on the automated shutters. The period 
levels corresponded to temperature change amplitudes of 500 and 800 K. The number of cycles 
factor had three levels of 20, 30, and 40 cycles. There was a center point on the cycles factor to 
check for curvature since this factor was suspected to have the largest correlation with sample 
fatigue. Figure 3.4 shows a cartoon of the matrix with 12 total test points. 
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Figure 3.17  Experimental matrix for Haynes 214 thermal shock experiments. 
 
For alumina, literature has suggested that heat treatment of the samples leads to better 
thermal shock resistance [18, 19]. Because of this an additional factor, heat treatment, was 
included in the testing. A 24-1 fractional factorial design with center points was used to study 
alumina with 3 replicates per point to reduce error. An additional point was again conducted on 
the cycle factor. The experimental factors were again solar heating power, cycle period or 
temperature drop, annealing time, and number of cycles. The inlet solar power was attenuated to 
levels of 5 and 6.5 kW. These power levels corresponded to temperatures of 1623 and 1923 K.  
Temperature cycle amplitudes of 400 and 800 K were tested. Because of the many phases that 
alumina can exhibit, test samples were annealed at 1423 K in order to attain a uniform and stable 
Į SKDVe. Two levels of annealing time were tested 5 and 22 hours. Finally, the levels for the 
cycle factor were 3 and 6 cycles. An additional point was conducted at 9 cycles with all other 
factors held at the center point values to test for curvature on that factor. A cartoon of the matrix 
can be seen in Figure 3.5 where the circled points indicate actual test points with a total of 11. 
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Figure 3.18  Experimental matrix for alumina bar thermal shock testing. 
 
  For the silicon carbide, it was desirable to have a better understand of the factors that 
were expected to have a significant response. The sample heat treatment was consistent for all 
samples and because silicon carbide is more resistant to thermal shock, only one thermal ampli-
tude was chosen. Because of this the silicon carbide experimental matrix was a central composite 
design with power and number of cycles as the only factors. Again, 3 replicates were used for 
this test to reduce error associated with ceramic testing. The power levels of 5.1, 5.5, 6.5, 7.5, 
and 7.9 kW were tested with the central temperature at 1773 K. The temperature amplitude was 
maintained at 800 K for all of the tests. The cycle levels were 15, 25, 50, 75, and 85 cycles. A 
cartoon of the experimental matrix can be seen in Figure 3.6 with 9 test points. 
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Figure 3.19  Experimental matrix for Silicon Carbide thermal shock cycling. 
After thermal cycling, the samples’ residual strength was determined through destructive testing 
on an Instron 5869 universal testing machine. Tensile samples of Haynes 214 were tested with a 
crosshead speed of 0.001 mm/s. Flexural samples were tested on the 4-point testing rig with a
crosshead speed of 0.0166 mm/s which was determined from the ASTM C1161 standard. The 
failure stress of the tensile was calculated by dividing the failure force by the cross sectional area 
of the samples. The flexural failure strength of the 4-point ceramic samples was calculated using 
the equation: 
ܵ =
3ܲܮ
4ܾ݀ଶ
 
where P is the break force, L is the outer support span, b is the specimen width, and d is the 
specimen thickness. The room temperature and humidity were recorded during all of the testing. 
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3.4 Results 
3.4.1 Modeling 
A total of three models were constructed to simulate the three materials under investiga-
tion in this study. Sample temperature profiles, during thermal shock, were obtained from the 
models and were compared to those obtained from experimental testing. Figure 3.7 shows the fit 
between the model and experimental temperature profiles, as well as the first principal stresses 
that result from the temperature changes. Graphs track a point at the center of the front face of 
the samples.  
 
Figure 3.20  Comparison between model temperature profile and experimental temperature profiles for all 
three tested materials. Resulting stress as a function of time can be seen on secondary axis. 
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In each of the models the same surface point located at the front center of the geometry was used 
as the location to evaluate the Von Mises stress as a function of time. The resulting stress can be 
seen in Figure 3.8 for each of the materials. The maximum Von Mises stress within the model 
volume, was also calculated as a way to evaluate critical yield criteria during a thermal cycle. 
Ceramics typically don’t exhibit any yielding before fracture, but Von Mises stress allows for a 
normalized comparison of the maximum generated stress between the materials, independent of 
direction. This was typically located on an edge and occurred shortly after the inlet flux was 
reduced to zero. As expected, the induced stresses were coupled to the temperature rate. The Von 
Mises stress values as a fraction of yield stress can be seen in Table 3.1. 
 
Figure 3.21 Von Mises surface stress corresponding to thermal cycling. Cycle periods were different for each 
material. 
 
Ranking of the induced material stress as a fraction of yield stress, for metals, and ultimate 
stress, for ceramics, provides a good metric for evaluating material robustness. Alumina shows 
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the largest principal stress production, which is greater than the ultimate stress. This indicates a 
high probability that fracture will initiate or propagate within the material during a thermal cycle. 
Conversely both Haynes 214 and Silicon Carbide have Von Mises and principal stress values 
that are lower than the material yield and ultimate stress, with Silicon Carbide having the lowest 
resulting percentage.  
  
Ultimate/Yield 
Stress [MPa] 
Max Principal/Von 
Mises Stress [MPa] % of yield 
Alumina 267 301 113 
Haynes 214 605 111 18 
Silicon Carbide 250 41 16 
 
Table 3.1 Comparison between material ultimate (ceramics) and yield (metals) stress as a fraction of princip-
al (ceramics) and Von Mises (metals) stress.[7, 16, 20].  
 
3.4.2 Experimental 
Thermal cycles were conducted using a solar heating source with good repeatability and 
control. Figure 3.9 shows the temperature signal repeatability that was typically seen during 
cycling for the Haynes 214 samples. All of the samples showed good control and repeatability of 
the temperature profiles, unless clouds were present. In which case, samples were slowly cooled 
until clouds passed and cycles were continued. Yield strength of the control materials, as deter-
mined by failure testing of annealed and uncycled samples, can be seen in Table 3.2 with 
comparison to typical values found in literature [7, 16, 20]. All of the control samples showed 
good correlation with literature values.  
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Figure 3.22  Thermal cycle repeatability for solar thermal shock experiments, Haynes 214 sample. 
 
  
Haynes 214 ulti-
mate tensile stress  
Alumina ultimate 
flexural stress  
Silicon Carbide 
ultimate flexural stress    
Literature 995 328 405 MPa 
Control 948 ± 4 291 ± 14 398 ±15 MPa 
 
Table 3.2 Failure stress values as compared to literature values. 
 
All of the materials showed some degradation when subjected to thermal cycling. Com-
parison of the results was conducted using the statistical analysis program Minitab. For all of the 
tested samples, power level played a significant role in the reduction of residual strength. 
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3.4.2.1 Haynes 214 
For the Haynes 214 samples, statistical evaluation of the residual strength showed that 
only power played a significant role in material degradation within a 95% confidence interval. 
While there was some aliasing with the cycle factor, the confidence interval only reached slightly 
greater than 50%. The main effects plot in Figure 3.10 shows the contribution from each of the 
factors. The relative slope of the lines gives a good visual indication of the contribution to 
strength degradation. 
 
 
Figure 3.23 Main effects plot of Haynes 214 thermal shock samples. Only power has a significant effect. 
Analysis of the residual tensile stress after cycling and comparing it to literature values, a maxi-
mum degradation of 8% was observed for the highest power level 2.5 kW. This can be seen in 
Table 3.3. 
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Power [kW] Avg. Ultimate stress [MPa] %deviation  
2.0 902.1 ± 37.5 -4.9 
2.5 873.0 ± 30.2 -7.9 
 
Table 3.3 Residual stress degradation caused by power factor for Haynes 214 samples. 
 
3.4.2.2 Alumina 
The alumina samples showed a much more drastic reduction in residual flexural strength 
as compared to the control. The significant factors that contributed to the sample degradation, 
within a 95% confidence interval, were power and the power*cycle interaction. When compared 
with literature values of alumina flexural strength the cycled samples showed as much as a 50% 
reduction in residual strength when cycled at 6.5 kW. The results can be seen in Table 3.4. 
 
Power [kW] Avg. Flexural Stress [MPa] %deviation 
5 279.2 ± 35.9 -4.2 
5.75 250.6 ± 11.1 -14.0 
6.5 145.4 ± 83.2 -50.1 
 
Table 3.4  Residual flexural strength of cycled alumina samples and deviation from control value. 
 
Plots of the power and the power*cycle interactions can be seen in Figure 3.11. There is a clear 
decrease in the residual strength of the samples. The deviation in the sample values grows as the 
cycling conditions become more intense. This is due to the increase in crack length that accom-
panies high cycle testing and indicates that the critical crack length for catastrophic failure is 
attainable when alumina is subject to high power influx.   
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Figure 3.24  Residual flexural strength of alumina samples as a function of the significant factors, power and 
power*cycle interaction. 
 
3.4.2.3 Silicon Carbide 
Due to the robustness of the silicon carbide, no factors were significant to within a 95% 
confidence interval and the cycle/power interaction was only significant within an 87% confi-
dence interval. Table 3.5 shows the resulting strength values of the cycled samples as a function 
of the power factor. 
 
Power [kW] Avg. Flexural Stress [MPa] % deviation 
5.09 360.5 ± 50.1 -9 
5.5 355.9 ± 34.6 -11 
6.5 351.8 ± 33.1 -12 
7.5 355.8 ± 31.9 -11 
7.9 351.1 ± 47.5 -12 
 
Table 3.5  Residual flexural strength of silicon carbide samples and deviation from the control value. 
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Of particular interest was the slight upward trend in flexural strength with the number of cycles. 
This behavior is due to densification of material defects that actually strengthen the material at a 
low number of cycles. This trend is known as R-curve behavior and can be seen in Figure 3.12 
along with absence lack of degradation as a function of power. 
 
 
Figure 3.25  Silicon carbide flexural strength results for both cycles and power factors. 
 
3.5 Discussion: 
Results of the computer modeling indicate significant stress production within the samples. 
Temperature profiles correlated well with experimental curves. Adaptation of this method for 
systems that conduct chemical reactions should also consider the material flow rates and reaction 
enthalpies. Two processes have been considered for fuels production at the NREL HFSF; high 
temperature biomass gasification and hercynite water splitting. The relative energy contributions 
that these processes have on the total energy balance was calculated to determine if the energies 
would have a significant effect on the temperature and stress production calculations. For the 
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biomass process, energy calculations were made for a drop tube particle reaction. Considering a 
high temperature gasification reaction with a biomass feed rate of 0.05 g/min and a water injec-
tion rate of 2.5 μL/s The total energy contribution from the process represents less than 1% of 
the inlet energy. For the hercynite process a fixed bed system with 4 g of powder was used for 
the process reaction energy calculation. With latent heat of the powder and the enthalpy of 
reaction under consideration total energy due to the process only represents a maximum of 2% of 
the incoming energy. Both of these calculations show that for reactions at the HFSF the process 
enthalpy is not a significant factor in the thermal stress calculations. For other solar thermal 
systems operating at higher solar utilization efficiencies, the process enthalpies should be consi-
dered to effectively model resulting stresses. 
3.6 Conclusions 
A method has been presented which quantifies thermal stress production within concentrat-
ing solar systems. Different reactor materials are capable of being ranked according to their 
ability to withstand the temperature swings that concentrated solar systems are subject to. Solar 
thermal systems have a wide range of optical concentrator configurations and flux profiles that 
can’t easily be modeled or estimated. A unique boundary condition, that considers the concen-
trating optical components, was incorporated into the thermal portion of the model. Ray trace 
modeling was used to provide flux profiles that accurately model the heating boundary condition 
resulting from the optical concentrators. A resulting temperature profile that simulated cloud 
coverage events was coupled with thermal stress calculations that determine the resulting materi-
al stresses. The state of solar thermal technology is still in prototype and lab scale phase. 
Thermal stresses must be considered before scaling up the technology. The resulting model is 
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capable of ranking the robustness of different materials of construction. Coupled with “on sun” 
thermal shock testing of standardized material samples, material robustness can be ranked when 
subject to actual process conditions. Adapting thermal shock experiments so that materials are 
subjected to the exact process conditions in the field, helps to reduce uncertainty with degrada-
tion estimates.  Inclusion of reaction enthalpies in the energy balance was not significant for 
small scale experiments that would be conducted at the NREL HFSF. Testing of the selected 
materials, under process conditions should also be included to get an accurate picture of how 
well the materials can withstand the process and to highlight any other factors that affect the 
material usability. 
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4. Multi-tube Reactor Design 
 
4.1 Introduction 
High temperature biomass gasification has been performed in a prototype concentrated so-
lar reactor. Gasification of biomass at high temperatures has many advantages compared to 
historical methods of producing fuels. Enhancements in overall conversion, product composition 
ratios, and tar reduction are achievable at temperatures greater than 1273 K. Furthermore, the 
utilization of concentrated solar energy to drive these reactions eliminates the need to consume a 
portion of the product stream for heating and some of the solar energy is stored as chemical 
energy in the product stream.  Experiments to determine the effects of temperature, gas flow rate, 
and feed type were conducted at the High Flux Solar Furnace (HFSF) at the National Renewable 
Energy Laboratory (NREL). These experiments were conducted in a reflective cavity multi-tube 
prototype reactor. Biomass type was found to be the only significant factor within a 95% confi-
dence interval. Biomass conversion as high as 68% was achieved on sun. Construction and 
design considerations of the prototype reactor are discussed as well as initial performance results. 
4.2 Background 
As world energy demand continues to increase, alternate forms of energy are needed to ac-
commodate this rising consumption [1].  Fuels produced from biomass (e.g. algae, switch grass, 
agricultural residues, forestry waste, etc.) could provide a large piece of this energy portfolio, but 
conventional methods of processing biomass resource face significant challenges [2, 3].  Conver-
sion of biomass to fuels is primarily achieved in two ways: enzymatic and pyrolysis/gasification.  
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A relevant example of fuel production via the enzymatic route is ethanol production. Ethanol is 
produced by converting plant carbohydrates to sugars and then fermenting those sugars and 
distilling the ethanol out. Although this is a simple concept, many issues arise. First, cellulose 
can be consumed to create ethanol, but it must first undergo pretreatment that is currently quite 
costly [4]. Second, lignin, which makes up a large portion of biomass (10-25%), cannot be 
consumed in this type of reaction [5]. Additionally, the use of feed materials that contain high 
sugar content comes in direct competition with human consumption which severely limits the 
amount of maximum market penetration this technology can achieve. Other limitations with this 
form of biofuel production include low and sometimes negative overall energy balances, long 
fermentation times, and low conversion efficiencies [6, 7]. Significant research in this field is 
needed for the creation of processes that can efficiently convert cellulosic biomass feeds into 
fuels. 
The second common method of biomass to fuels conversion is achieved via pyroly-
sis/gasification. This method thermally breaks the biomass down to a mixture of H2, CO, CO2 
commonly referred to as syngas [4]. The distinction between pyrolysis and gasification is that 
pyrolysis is performed in an inert environment while gasification is conducted in the presence of 
an oxidizer such as water or air [8]. A syngas mixture is valuable as it can be combusted to 
produce energy or converted to liquid fuels via methods commonly used in the petroleum 
industry [9].  Through the thermal route almost all of the biomass can potentially be converted to 
syngas during gasification and syngas or biochar during pyrolysis. This is advantageous over an 
enzymatic route as it allows for a wider range of feedstock options which would not compete 
with human consumption. Drawbacks of this technology arise from the large amount of tar that is 
typically produced at temperatures below 1273 K [10-12]. Tars hinder gas to liquid reforming 
86 
 
      
that is normally performed over a catalyst which can quickly become fouled if tars are present 
[9].  Finally, conventional gasifiers use a portion of their product or input stream to drive their 
reaction which harms overall efficiency [4]. Using concentrated solar energy as the heat source 
for this reaction can increase efficiency by eliminating the need to use a portion of the products 
for heating. Also, using sunlight to drive an endothermic gasification reaction increases the 
calorific value of the initial biomass.  
Many research groups have investigated the use of concentrated solar energy as a heat 
source for pyrolysis/gasification reactions [13-16]. Concentrated solar technology has proven to 
be a feasible, environmentally friendly way of driving high temperature reactions. Through the 
use of heliostats and secondary concentrators, solar irradiance can be concentrated efficiently 
Ș!WRDFKLHYHKigh temperatures [17]. Concentrated solar thermal reactors have been used 
in many experiments to achieve the high temperatures required to run chemical reactions [18-
26].  
One of the greatest challenges associated with concentrated solar energy is reactor de-
sign. The literature presents a wide range of reactor designs and processes. For high temperature 
reactions (T>1573 K), ceramic materials used in reactor fabrication have significant drawbacks 
in terms of their thermal shock resistance and cycle lifetimes. It is beneficial to find a solar 
thermal fuel production method that operates at temperatures in which metal alloys might be 
used. Solar biomass gasification is a promising process as reaction temperatures can be lower 
than 1573 K while still reducing tars.  
Antal discusses the benefits of using a solar-fired biomass flash pyrolysis reactor [13]. Be-
sides alleviating material concerns, advantages of using solar thermal energy to heat biomass 
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conversion reactions are that; external energy comes from a renewable source, conversion 
efficiency is increased, and the energy content of the exit stream is greater than the feedstock 
[27]. Furthermore, the use of a drop tube solar reactor may be employed, which would allow 
rapid heat transfer and large mass flow rates. This paper will discuss the design and operation of 
a new prototype drop tube reactor as well as present the results from high temperature biomass 
gasification experiments.  
 
4.3   Reactor Design 
Bilgen and Galindo describe various solar thermal reactor concepts and explored their fea-
sibility for producing hydrogen [23]. Both high temperature water splitting and multistep 
thermo-chemical cycles were discussed and a wide range of reactor designs were analyzed. 
Steinfeld et al have made significant strides in designing solar thermal reactors for several 
different types of reactions [22]. All of the literature suggests that the key efficiency and feasibil-
ity factors for solar thermal technology lie in reducing receiver re-radiation, reflection, and 
convective losses. For example, Dahl et al performed methane splitting using a concentric tube 
aerosol reactor. Methane was split in a graphite tube which absorbed incident solar radiation and 
heated the gas. The graphite tube was surrounded by a quartz tube which created an inert enclo-
sure for the graphite tube to prevent oxidation. These experiments were performed on the HFSF 
at NREL.  Dahl et al claimed that a large portion of the incident energy was lost through re-
radiation from the central tube thus causing low overall efficiency <2% [28]. The ultimate 
success of these technologies hinges on the efficiency and economic feasibility of solar thermal 
reactors and heliostat fields. The more efficiently a solar thermal reactor is able to convert solar 
energy into chemical energy the smaller the heliostat field will need to be, which leads to re-
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duced capital construction costs. The goal of the new prototype is to increase the overall reactor 
efficiency by use of a reflective cavity wall with multiple feed tubes and to investigate means to 
improve the industrial feasibility of concentrated solar reactors [29, 30]. The reactor discussed in 
this paper was constructed as a tool with which to test a multitude of different design aspects as 
they relate to overall reactor efficiency.  
 
4.4 Experimental Modeling 
The program SOLTRACE was used to model NREL’s HFSF. This program discretizes the 
incident radiation from the sun into individual vector elements. These vector elements interact 
with the various concentrating facets based on the laws of optical mechanics [31]. Not only can 
this type of modeling provide a representation of achievable power and flux distribution, the 
directionality of the vector interactions ensures highly accurate absorption values on the tube 
surfaces. The secondary concentrator from Dahl et al was also modeled as seen in Figure 4.1, 
and different tube arrangements were tested to maximize first pass ray absorption and average 
flux distribution [28].  
The two factors that varied were tube arrangement and distance from focal point. In addi-
tion, a minimum center to center tube distance of 3.175cm was imposed to allow for sealing and 
cooling between tubes. Results were ranked according to total fraction of incident ray intercep-
tion and maximum average flux for non-central tubes. These metrics were used to ensure high 
first pass absorption and a decreased temperature gradient between the reaction tubes. The effect 
of multiple tubes on absorption was investigated and ultimately five tubes were chosen. This 
number of tubes was selected as a compromise between absorption and feasibility. Originally, a 
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crescent shaped tube layout was modeled. However, flux interception values of only 55% were 
attainable and tubes farthest from the center only intercepted 4% of the incoming flux. While 
total interception percentages increased as tubes were moved closer to the focal point, non-
central tube interception consistently decreased.  
 
Figure 4.26  Soltrace model of secondary and staggered tube arrangement. Dots indicate ray incidence points. 
Ultimately a compromise between total radiation interception and non-central tube aver-
age interception was made. The optimum configuration was a staggered formation seen in Figure 
4.2. The total interception for this arrangement was 74% with an average non-central tube 
interception of 10%.  
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Figure 4.27  Reactor top with optimum tube arrangement [cm]. 
 
4.5   Reactor 
The prototype reactor was composed of five reaction containing tubes and is shown in Fig-
ure 4.3. The tubes were 35.56cm long and had a 2.54cm OD and 1.905cm ID. They are housed 
within an aluminum cavity that has a polished inner surface with an approximate reflectivity of 
90% across the visible and infrared spectrum. The cavity was composed of front and back 
cylindrical halves as well as flat top and bottom pieces that held the tubes. The central cylinder 
was constructed in two pieces to allow for optional coating of the inner surface with a protected 
silver layer which could increase the reflectivity up to 98%. The top and bottom pieces were 
filleted with a 1.2cm radius to eliminate any edges or angles so that the inside chamber was a 
continuously curved surface. The assembled cavity had a diameter of 18.28cm and a height of 
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27.94cm. The reflective chamber was sealed from the atmosphere to prevent oxidation of the 
reaction tubes.  
 
Figure 4.28  Reflective cavity multi-tube solar reactor. 
All of the cavity pieces were designed to have cooling fluid directly behind the reflective 
inner surfaces.  Concentrated light entered the cavity through a window which was secured to the 
cavity with an interchangeable cooling plate. The modularity of the window allowed the reactor 
to be used with different secondary concentrator geometries. The cooling plate used in these 
experiments had a width of 5.13cm and a height of 9.38cm. The cooling plate was constructed 
out of copper and has a cooling channel bored around the window opening. The plate was 
electroless nickel plated to decrease absorption of spilled radiation entering the cavity and 
prevent oxidation of the copper. Because of thermal expansion of the inner tubes they were 
received in the upper and lower chambers by compression O-rings that seal the inside of the 
tubes from the outside and allowed the tubes to expand and contract. The reactor was equipped 
with 13 type K thermocouples (TC) inserted to within 1.6mm of the reflective cavity surface to 
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monitor surface temperatures at 11 positions along front and back walls as well as the top and 
bottom wall temperatures. Two pyrometer ports were bored through the cavity walls to monitor 
the temperature of the center and one of the front tubes. To maintain a purged environment 
inside the cavity, glass rods were sealed inside the pyrometer ports. Because quartz absorbs a 
very small fraction of light emitted from the reaction tubes, accurate temperature measurements 
could still be obtained by the pyrometer through the quartz rods. The ends of the rods were 
ground parallel to within 2.54μm to avoid internal refraction losses. In order to calibrate the 
pyrometers, type B TCs were inserted through the cavity wall and touched the reaction tubes at 
the same point the pyrometers were aimed.  
4.6   Methods 
High temperature biomass experiments (~1423 K) were performed in two different drop 
tube reactor systems. At the experimental temperatures, wall to particle radiation was estimated 
to be the primary heat transfer mechanism. Exploratory experiments were first conducted at the 
lab scale because of increased reliability and flexibility of conducting experiments off sun. An 
electrically heated graphite element drop tube reactor (Thermal Technologies Inc. Model# 1000-
45180-FP60) with a 9.525cm ID alumina reaction tube (CoorsTek AD-998) was used. This 
furnace had a 45.72cm hot zone and was capable of temperatures up to 1973 K with an alumina 
reaction tube installed. These experiments were conducted in order to screen for the effects that 
feed stock variation, water concentration, and temperature dependence had on conversion and tar 
reduction in a controlled environment. The second set of experiments was conducted at the 
HFSF and a more statistically significant approach was taken once the parameter space became 
better defined. 
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4.6.1 Laboratory Setup 
High temperature experiments were conducted in lab with cellulose, lignin, and Poa Pra-
tensis (Kentucky Bluegrass) feed stocks. Biomass was fed into the system using a vibratory 
feeder or a fluidized bed feeder, which entrained the particles in an argon gas stream and trans-
ported them into the hot zone of the reactor. The reactor had an approximate residence time of 
~4s based on plug flow assumptions. Water was introduced into the system via a syringe pump 
(New Era Pump Systems Inc. model# NE-1000X) with a heated capillary. After particles passed 
through the hot zone they were rapidly quenched using a copper, water cooled, quench tube. 
Solids were disengaged from the gas stream through a gravity collection vessel. Products then 
passed through a 0.22μm pore size HEPA filter. The exhaust stream was analyzed using a mass 
spectrometer (Stanford Research Systems QMS Series 200) and a non-dispersed infrared gas 
analyzer (California Analytical Instruments Model 600). Solids were analyzed using a combus-
tion carbon analyzer (LECO C-200). Commercially produced cellulose and lignin (Sigma-
Aldrich, 20-100μm), the primary constitutive biopolymers in biomass, were gasified at tempera-
tures between 1273 K and 1473K, with a water flow ratHEHWZHHQ DQGȝ/V DQG D V
residence time in the electrically heated transport tube.     
4.6.2 On Sun Setup 
On sun experiments were carried out using the HFSF at NREL. This solar furnace consisted 
of a 10 m2 heliostat that reflected sunlight onto the primary concentrator which contained 25 
hexagonal parabolic mirrors. The light from the primary was focused at a secondary concentrator 
used by Dahl et al [28]. The maximum concentration at the exit of the secondary was approx-
imately 2500 suns. Characterization of this facility was performed by Lewandowski et al [32]. 
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The incident flux was controlled through a guillotine style attenuator located between the prima-
ry and the reactor.  To account for variation in day to day solar intensity, a black body 
calorimeter was used to calibrate power levels as a function of shutter attenuation and normal 
incident power from the sun. A regression of the data was used to maintain consistent solar flux 
incident upon the reactor.  
 
Figure 4.29  Solar reactor experimental setup. 
95 
 
      
The experimental set-up can be seen in Figure 4.4.  All cooling chambers were attached to a 
closed loop chiller (Neslab HX-75) flowing a 50:50, water:glycol mixture. Particle feeding was 
conducted using a vibratory feeder. At the exit of the vibration tube a cross flow of argon gas 
entrained the particles and swept them into the hot zone of the reaction tube. The reactor had an 
approximate residence time of ~1s. For these tests the central tube was the only one in which 
particles were fed. The products passed through the lower cooling chamber and into an expanded 
gravity collection vessel where large particles were disengaged from the flow. To preserve the 
life of the analysis equipment the product gas was then passed through a water cold trap, a 
packed cotton column, and finally a 0.22μm HEPA filter. The product stream was then analyzed 
using a NDIR CO/CO2 analyzer. Three mass flow controllers were used to deliver argon gas to 
the cavity chamber, the feed tube, and the surrounding tubes. The total mass flow of the product 
gas was measured using a mass flow meter (Flow Technologies FTO series) placed at the gas 
exit. All flow devices were calibrated using a gas flow sensor (Bios International Co. DryCal 
DC-2). Pressure transducers were installed to monitor pressure at the inlet and outlet of the feed 
tube as well as the chamber pressure. Pressure relief valves were attached to all gas streams and 
set to 68.9 kPa to prevent over pressurization due to thermal expansion and gas formation due to 
reaction. The temperatures of the tube centers were monitored using type K TCs for the biomass 
experiments and type B TCs for the high temperature reactor validation. Temperature curves for 
the central tube were gathered using a type K TC touching the front of the tube, a type K TC in 
the center of the tube and a solar blind pyrometer (Heitronics KT-19.01) on the back of the tube. 
During particle feeding experiments the central TC was removed to prevent particle clogging and 
the temperature was monitored based on front and back tube temperatures. For a typical experi-
ment the reactor was heated at ~50 K/min to the desired operating temperature. Then the system 
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was allowed to equilibrate and water feeding was started for 3 minutes. Biomass feeding was 
conducted for 20 minutes at an average feed rate of .05g/min.  
4.6.3 Experimental Design 
The experimental matrix for the biomass gasification experiments performed at NREL 
was a 23 full factorial randomized design with no replicates. This small sample size was selected 
to quickly and efficiently determine conversion efficiencies and validate reactor performance. 
The factors considered were biomass type, temperature, and gas flow rate. The corresponding 
levels were corn stover and sorghum, 1273 K and 1423 K, and 0.5 and 1 standard L/min. The 
power levels needed to attain the experimental temperatures were 2.8kW and 3.6kW. A syringe 
SXPSZDVXVHGWRGHOLYHUVWHDPWRWKHKRW]RQHRIWKHUHDFWRUDWDUDWHRIȝ/V)HHGSDUWLFOHV
ZHUH JURXQG DQG VLHYHG WR EHWZHHQ  DQG ȝP for all samples. Haynes® 214® reaction 
tubes, purchased from Haynes International, were installed for these experiments [33]. Before 
each run the feeding material was weighed and loaded into the vibratory feeder. After each run, 
the remaining mass was weighed. Overall conversion was based on the integrated carbon in the 
CO and CO2 produced, divided by the estimated carbon content in the feed biomass as deter-
mined through combustion carbon analysis. Conversion is represented by the following equation 
in which fc is the mass fraction of carbon in the feed material, ǻ݉ is mass change, and CO/CO2 
represents gas composition normalized with the exit gas flow rate: 
    ߯ = ׬
஼ைା׬ ஼ைమ
೟
೟బ
೟
೟బ
௙೎כǻ௠|೟బ
೟     (1) 
For the purpose of these experiments other products such as CH4 and higher order hydrocarbons 
are not considered in the conversion calculations due to the small concentrations present at the 
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temperatures under investigation. Inclusion of these species would increase overall conversion 
efficiency.  
4.7 Results 
4.7.1 Laboratory 
Reaction of cellulose showed overall volatilization of 98% based on collected mass. 
However, tar mass was not taken into account because the tar deposition was negligible com-
pared to the size of the cooling vessel therefore it was very difficult to quantify. Reaction of 
lignin also gave high volatilization, in excess of 99% to gas and solid products.  Poa Pratensis 
(“Kentucky bluegrass”) was gasified in the electrically heated aerosol flow reactor.  This expe-
riment was done in order to show the feasibility of this process with common feedstock 
materials. Mass spectrometer traces of some of the experiments are shown in Figure 4.5. Consis-
tent feeding rates were difficult to maintain with the feeding methods employed in this study. 
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Figure 4.30  Mass spectrometer trace of syngas production during biomass gasification. (a) 1450 K and 12 
standard L/min entrainment gas, (b) 1323 K, water feed rate of 24.8 μL/min, and 2.5 standard L/min en-
trainment gas, (c) 1450 K and 12 standard L/min entrainment gas. 
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Through these in lab experiments the production of condensable tars was found to be 
higher at the lower temperature level of 1273 K.  As can be seen in Figure 4.6, the pressure drop 
across the HEPA filter increases exponentially during feeding as a result of tar buildup.  At 1473 
K, this pressure increase was not seen, indicative of a decreased production of tars during 
processing. This result is an indication that the utilization of concentrated solar energy would be 
beneficial in that the operational costs of running at higher temperatures are negligible. Second-
ary concentrators can be used to attain higher temperatures using the same amount of power.  
 
Figure 4.31  Pressure increase across filter due to tar deposition at low temperatures as compared to high 
temperature. 
In addition, the CO/CO2 ratio was tunable subject to the water flow rate as seen in Figure 
4.7. More CO2 was measured at higher water concentrations due to the water gas shift reaction. 
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Figure 4.32  CO/CO2 ratio dependence on water concentration. 
 
4.7.2 High Temperature Reactor Performance 
The first test performed with the prototype reactor was to attain temperature profile data for 
the reaction tubes and cavity walls at high temperatures. Alumina tubes were installed in the 
cavity and the reactor was heated by slowly opening the attenuating shutters. At 7.5 kW the 
central tube temperature was 1660 K and a maximum reactor wall temperature of 319 K was 
measured. The central temperatures for four of the five tubes can be seen in Figure 4.8. As 
expected, the central tube attained the highest temperature however the rear tubes were ~250 K
cooler and the front tubes were ~350 K cooler. Due to the low absorptivity of alumina, the 
central tube was a poor radiator to the surrounding tubes. In similar tests conducted with Hay-
nes® 214® the temperature differences between the tubes decreased because of the enhanced 
absorption coefficient of the Haynes compared to the alumina. The rear tubes were ~150 K
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cooler and the front tube was ~200 K cooler than the central tube with the Haynes installed.  As 
reaction tube absorption approaches that of a black body, temperature differences will continue 
to decrease. Comparable temperatures were achieved at much lower power inputs with the 
Haynes® 214® as compared to the alumina tubes because of the increased absorption coefficients. 
Also, by adjusting feed rates for each tube, temperatures can be further equalized. The position 
of the maximum wall temperature measurement was expected because a space had to be made in 
the cooling chamber in order to accommodate the front left pyrometer window and thermocouple 
ports. The low temperatures of the cavity walls indicate low energy absorption and excellent heat 
transfer to the cooling fluid. 
 
Figure 4.33  Central tube temperatures for four of the five reaction tubes. 
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4.7.3 On Sun 
Results of the on sun biomass gasification experiments showed an average overall bio-
mass conversion of 58.4% based on the carbon balance. ANOVA analysis of the factorial design 
indicated that the only significant factor was the biomass type with a p-value of 0.036. Other p-
values can be seen in Table 4.1. The lack of correlation between temperature and conversion was 
unexpected. However, increased temperatures result in reduced residence times for this system. 
Since no replicates were run the sum squared for the binary and tertiary interactions with small 
effects were summed to comprise the error sum squared. The average conversions for the corn 
stover and the sorghum were 62.8% and 53.9% respectively. Inclusion of other carbonacious 
species in the efficiency calculations will increase the conversion values however detection 
equipment was not available for these species. For all of the experiments, the solids found in the 
collection vessel were negligible indicating a very high percentage of volatilization of solids. 
Due to the cooling requirements of the reactor, condensation of tars occurred at the exit of the 
reaction tube as it passed through the lower cooling chamber making it difficult to quantify tar 
production.  
 
 
Table 4.1. P-values for factors tested on sun at NREL. 
4.7.4 Thermodynamic Evaluation 
Thorough kinetic and thermodynamic evaluation is difficult due to the complexity of the 
biomass reaction and the large number of reaction pathways that are possible. For the purposes 
Biomass Temperature Gas Flow 
P-value 0.036 0.13 0.38 
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of this study the feed composition formula was reduced to C3.52H6.09O2.86 for corn stover based 
on elemental composition data [4]. Reacted feed was quantified based on experimental CO and 
CO2 integration which represents the portion of the feed that went to complete conversion. 
Because the extent of the water gas shift reaction was not measured, the enthalpy of the outlet 
gas was quantified by assuming equilibrium conversion of the reacted feed. The thermo-
chemical software package FACTSage was used to determine equilibrium product ratios and 
enthalpy content.  To determine the increase in energy imparted to the biomass as compared to 
burning the feed, the lower heating value was subtracted from the product enthalpy content. The 
product stream had a 29% increase in energy content as compared to combustion of the feed. 
However, due to the non-optimal operating conditions in which the experiments were conducted, 
this energy increase only represents 0.2% of the incident solar energy. Because methane and 
higher hydrocarbons were not measured, efficiency values attained are lower than actual. Also, 
increasing feed rate and utilization of all five reaction tubes will significantly increase solar 
energy conversion.  
4.8 Conclusions 
A new solar cavity reactor consisting of a reflective cavity wall and multiple absorbing 
tubes was installed and tested at NREL’s HFSF. The temperature profiles and performance of the 
reflective wall and reaction tubes were obtained. A maximum temperature of 1660 K was 
achieved on the central tube at a power input of 7.5 kW with alumina absorbing tubes. The 
maximum reflective wall temperature was limited to 319 K even at high energy input indicating 
excellent applicability for solar thermal processes. The absorber arrangement was optimized 
through ray trace modeling to achieve highly uniform temperature profiles between all reaction 
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tubes. While large temperature differentials were observed between tube locations, materials 
with increased absorption coefficients reduce this temperature difference. Further testing is 
required to quantify maximum reactor efficiency and component lifetimes. High temperature 
gasification of biomass was conducted within the prototype solar reactor. High conversion of 
solids was achieved and average biomass to CO and CO2 conversions were 58.4%. The next 
phase of testing for the prototype will involve identifying energy loss pathways and optimizing 
overall efficiency.   
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5. Cobalt Ferrite on ALD Alumina Structures 
 
5.1 Abstract 
Alumina structures were produced by coating high surface area polymer particles via atom-
ic layer deposition (ALD). Burnout of the polymer material left high surface area and high pore 
volume thin film structures. Further deposition of up to 27 mol% Co and Fe was performed via 
ALD to produce high surface area mixed metal oxide particles for thermochemical water split-
ting. The mixed metal particles were thermally cycled in lab and in a concentrated solar, 
reflective cavity reactor. Surface area measurements on cycled ALD particles showed improved 
surface area retention as compared to bulk ferrite powders. Reaction rates as high as 15.2 and 9.8 
μmol/s/g were observed, on sun, for H2O and CO2 splitting respectively. Thermochemical 
cycling in a concentrated solar cavity reactor showed an order of magnitude increase in solar 
utilization efficiency between ALD particles and bulk Fe2O3 nanopowders.  
5.2 Introduction 
Concentrated solar energy represents one of the most promising technologies for renewa-
ble energy production. The creation of transportable fuels from solar energy helps to overcome 
the diffuse and intermittent nature of the energy source. Central receiver designs have the ability 
to produce high temperatures which can be used to create fuels through thermochemical water 
splitting [1]. The temperatures required for direct water thermolysis are greater than 2500 K and 
the simultaneous creation of both hydrogen and oxygen make this technology unfeasible [2]. 
High reaction temperatures eliminate many potential reactor construction materials and produce 
significant thermal stresses which rapidly reduce construction material lifetimes. To overcome 
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these challenges, significant research has been conducted toward multistep fuel production using 
high temperature metal oxide redox cycles [3-9]. A great number of these cycles have been 
investigated with many of them having a basic two step reaction sequence of: 
MyOx WKHUPDOHQHUJ\ĺ0yOx-į į22 
MyOx-į į+22ĺ0yOx į+2  
where the first reduction step occurs at temperatures around 1673-1873 K and the second step 
occurs at temperatures around 1173-1373 K [1]. The products from each step are produced 
independently which makes separation significantly easier and improves process safety. The 
production of CO from CO2 splitting follows a similar reaction. CO can be used to produce 
hydrogen through the water gas shift reaction. Also a CO:H2 gas mixture can be reformed to 
produce higher hydrocarbons through Fischer-Tropsch, or similar processes [10].  
Many ferrite chemistries have been shown to have favorable reaction conditions. Specifi-
cally, the incorporation of Ni or Co into the ferrite lattice has been shown to decrease reduction 
temperatures and prevent phase transition which degrades the reaction material, as compared to 
Fe2O3 [4]. Furthermore, it has been shown that coating these ferrites on ceramic supports, such 
as ZrO2 and Al2O3, helps to increase the reaction rates and further eliminate material deactiva-
tion caused by sintering [11]. The formation of a solid solution between the ferrite and the 
substrate at the higher temperature reduction step has been shown to be reversible upon oxida-
tion, reforming the original ferrite [12]. An investigation into the cyclability of ferrites on Al2O3 
substrates has found that the materials are capable of oxygen evolution at significantly lower 
temperatures (1473 K) as compared to unsupported ferrites (1673 K) [4]. The proposed reaction 
is: 
CoFe2O4 + 3Al2O3 WKHUPDOHQHUJ\ĺ&R$O2O4 + 2FeAl2O4 + ½ O2     
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CoAl2O4 + 2FeAl2O4 + H22ĺ&R)H2O4 + 3Al2O3 + H2   
in which both Co and Fe form reversible alumina spinel species. The amount of oxygen that can 
be evolved from the aluminates at temperatures below ~1723 K is higher than compared to 
CoFe2O4 bulk or when deposited on ZrO2, which makes this chemistry of interest [12]. 
Bulk ferrites often show a reduction in kinetic reaction rates due to sintering and much 
slower diffusion within the solid, especially during reduction. Thin film deposited ferrites show 
robust conversions over many cycles as compared to bulk materials. As such, it is desirable to 
deposit ferrite films on high surface area substrates in order to increase cycle conversion 
amounts, on a per mass basis. Porous substrates that allow gas flow throughout their volume are 
preferable. Atomic layer deposition (ALD) is the only coating method that occurs in the gas 
phase which can deposit materials uniformly inside porous media [13].  
ALD has the ability to apply angstrom thick layers on substrates without any line of sight 
restrictions. Because the layering precursors are applied separately and in the gas phase, porous 
high surface area particles can be used as a substrate to increase reactivity per mass. This porous 
substrate can also act as structural scaffolding, which helps reduce sintering and increase media 
robustness. Liang et al produced thin film ceramic shells by coating porous polymer particles 
then burning out the polymer [14]. The resulting ceramic shells had similar sizes and shapes as 
compared to the original substrate material. Formation of stoichiometric oxide ratios has been 
accomplished by Scheffe et al by alternating between CoO and Fe2O3 ALD chemistry cycles. 
Calcination of the multilayer resulted in a CoFe2O4 thin film [11].  
Testing of the material activity has been conducted in lab with H2O splitting. A compari-
son of activity and cycling behavior between the thin film structures and bulk Fe2O3 powder is 
presented. Product yields per mass are shown to be significantly higher for the thin film struc-
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tures. Surface area and production stability over a number of cycles are also improved as com-
pared to the bulk powders. Finally, samples were tested within a prototype concentrated solar 
reactor to provide solar to fuels performance data for H2O and CO2 splitting and to illustrate 
many important reactor design considerations.  
5.3 Methods: 
Large, high surface area polymer particles (Cavilink™ , ~600μm, 43.5 m2/g) have been 
coated via ALD with several layers of alumina (25-100). The alumina layers were applied using 
TMA/water ALD chemistry [15]. The particles were then heated to 800°C in air to burn out the 
polymer substrate. The surface area of the resulting alumina shells, as a function of ALD cycles, 
can be seen in Figure 5.1.  
 
 
Figure 5.34 Change in particle surface area as a function of number of ALD cycles [14]. 
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Liang provides a full characterization of the alumina substrates here [14], and a detailed descrip-
tion of the ALD reactor configuration here [16]. The alumina substrates were then coated with 
alternating layers of Fe2O3 and CoO using ferrocene  and cobaltocene (99% purity, Alfa Aesar®) 
precursors with pure O2 as the oxidizer and in situ gas monitoring via mass spectrometry [13]. 
Materials were characterized using transmission electron microscopy (TEM) and induced 
coupled plasma atomic emission spectroscopy (ICP). Surface area and pore volume were meas-
ured using a Micromeritic Gemini 5 Brunauer-Emmett-Teller (BET) surface area analyzer. 
Sample redox performance was characterized using a stagnation flow reactor similar to 
the one described by Scheffe et al [11], which provides uniform gas composition to the entire 
sample. A comparison was made between the water splitting performance of the ALD coated 
particles and Fe2O3 nanoparticles (<50nm Sigma-Aldrich), as a baseline. The low temperature 
oxidation step was conducted at 1373 K and the high temperature reduction step occurred at 
1673 K. Reactor pressure was held a 150 Torr during experimentation. Helium was flown at a 
rate of 5 sccm during reduction and 150 sccm He, 100 sccm steam during oxidation. Steam flow 
rate was controlled by a syringe pump that fed into a pressure controlled heated steam generator. 
Excess steam was scrubbed from the product stream via a liquid nitrogen cryogenic trap, fol-
lowed by a desiccant column. The product stream was then analyzed using a Stanford Research 
QMS200 mass spectrometer with a capillary sampling port. Thermal cycling was achieved by 
heating at a rate of 15 K/min to the reduction temperature, holding for 50 min, then cooling to 
the oxidation temperature and introducing steam for 25 min then purging with inert for 20 min, 
before repeating for 5 cycles.  
High cycle degradation was characterized using a Netzsch DIL 402 thermogravimetric 
analyzer (TGA). ALD particles and bulk Fe2O3 nanoparticles, were thermochemically cycled 
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with CO2 up to 20 cycles while mass change amplitudes and residual surface areas were com-
pared. Samples were first heated to 1723 K with 60 sccm helium and held for 60 min to 
thermally reduce them. After reduction, the samples were cooled to 1373 K and 20 sccm CO2 
was introduced and replaced a portion of the helium for a constant gas flow rate of 60 sccm with 
33% CO2 concentration. Samples were held for 60 min then the cycle was repeated. The surface 
area of the cycled samples was measured by BET method at 2 and 20 cycles. 
 Testing was also conducted regarding the cyclability and robustness of the ALD coated 
mixed metal oxide particles at the National Renewable Energy Laboratory’s (NREL) High Flux 
Solar Furnace (HFSF). Cycling was performed in a previously published concentrating solar 
cavity reactor prototype, which was installed at the focal point of the NREL solar furnace [17]. 
The research scale reactor was composed of a cooled reflective cavity with 5 reaction tubes 
arranged to intercept concentrated sunlight entering through a windowed opening as can be seen 
in Figure 5.2. The HFSF has a 10 kW maximum heating capacity and the concentration factor of 
the light entering the cavity after the secondary concentrator is ~ 2500 suns. This system has 
undergone testing and operational validation with various high temperature thermo-chemical 
reactions. 
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Figure 5.35  Multi-tube reflective cavity solar thermal reactor. 
Solar experiments were conducted to measure the production of H2 and CO using the 
high surface area ALD particles with a concentrated solar heating source and compare them to 
bulk Fe2O3 nanopowder. A 22 factorial design was used with redox material composition (bulk 
Fe2O3 nanopowder and ALD shells) and reduction gas (H2O and CO2) as the factors. Control 
runs were conducted without redox material to ensure no reaction between the reduction gases 
and the reactor materials under cycling conditions. A zirconia felt (Zircar, ZYF) was used to 
separate the absorber tube wall from the reactive particles. The central, SiC, tube of the reactor 
was converted into a packed bed by placing a screen at the bottom of the tube and filling the 
space up to the focal point with large (1mm) alumina particles.  
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Figure 5.36 Cross section of cavity reactor with fixed bed reactive particles. 
Figure 5.3 provides a schematic of the experimental system. A full bed could not be used 
because the bulk Fe2O3 powder would not allow gas flow after a height of ~2in. The ALD shells 
produced much less of a pressure drop but a similar amount was used to prevent axial differences 
in temperatures between the two powders. The remaining 4 tubes in the system weren’t filled 
with redox material due to limited quantities of the ALD shell powder. However, the surrounding 
tubes were installed to mimic the radiative heat transfer that would occur during full capacity 
operation. The reactor temperature was monitored using a Heitronics KT-19.01 solar blind 
pyrometer, calibrated using a type B thermocouple. Incoming power was attenuated using a 
cooled shutter that was automatically controlled to maintain consistent power set points. Test 
samples were heated at ~50 K/min to 1623 K for reduction and held for 10 min, then cooled 
down to 1373 K for the oxidation step and held for 10 min. An inert helium environment was 
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maintained during reduction at a flow rate of 750 sccm. During the oxidation step, reactive gases 
were flown for 5 min then inert gas was flown for 5 min to purge the system. During reactive gas 
flow, the helium was reduced to 500 sccm and 250 sccm of H2O or CO2 was flown. H2O was 
introduced using a syringe pump with a capillary, which injected water into the gas stream at a 
high temperature location. Products were analyzed using a Stanford Research QMS 200 mass 
spectrometer, a California Analytical Instruments Model 600 NDIR for CO and CO2, and an 
AMI 201 oxygen analyzer. During H2O splitting a cold trap and a desiccant column were used to 
scrub any excess water out of the product stream.  Each test was conducted for 5 cycles to 
observe any production degradation.  
5.4 Results/Discussion 
5.4.1 ALD Particles 
The ALD coated shells showed good retention of surface area after further coating with 
the metal oxide layers. ICP results also show metal oxide loadings up to 27 mol%. A Co to Fe 
ratio of 0.5 was produced which resulted in the desired stoichiometry of CoFe2O4. TEM images 
of the particles after calcinations at 1173 K can be seen in Figure 5.4. The metal oxide coating 
appears to have formed islands on the substrate.  
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Figure 5.37 TEM of ALD formed alumina structure with Co/Fe coating. 
5.4.2 Stagnation Flow Reactor 
Hydrogen production results from 5 cycles in the stagnation flow reactor can be seen in 
Figure 5.5. The graphs show hydrogen production from the ALD powders and the Fe2O3 nano-
powder. The ALD powders showed a 10X increase in the peak hydrogen production rates and 
integrated hydrogen produced on a per mass basis. Evaluation of the integrated hydrogen and 
oxygen values confirms a 2:1 ratio which completes the mass balance for both samples.  
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Figure 5.38 Stagnation flow, hydrogen production per cycle for ALD shells on the left and Fe2O3 nano 
powder on the right. 
5.4.3 TGA Analysis 
TGA cycling showed good mass change stability from both particles. Figure 5.6 shows 
mass signals over 10 thermochemical cycles with CO2 splitting. The Fe2O3 powder had a larger 
initial mass loss compared to the ALD powder, which was due to fact that the ALD powder was 
only 47% active material mass. Over all of the cycles, the mass change amplitude for both 
materials stayed consistent at ~ 0.3% mass change. Since a portion of the alumina scaffolding in 
the ALD coated particles did not participate in the redox reaction, an equivalent mass change 
amplitude indicates higher material utilization from the ALD particles as compared to the Fe2O3 
nanoparticles. Retained surface area as a function of the number of thermochemical cycles can 
be seen in Figure 5.7. It appears that most of the sintering is complete after only two cycles. Both 
materials experience a large decrease in surface area but the ALD powders maintain a 10X 
increase in surface area after 20 cycles.  
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Figure 5.39  TGA mass change over 10 cycles with ALD powders and Fe2O3 powder. 
 
Figure 5.40 Surface area as a function of thermochemical cycles. 
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5.4.4 Solar Furnace 
Testing on sun at the HFSF produced similar results for H2 and CO production compared 
to TGA and stagnation flow testing. Figure 5.8 shows the production of H2 and CO over 5 cycles 
for the ALD shells and the Fe2O3 powder. The shells again showed a 10X increase in production 
and better stability as compared to the Fe2O3 powder. During the high temperature reduction 
step very little oxygen was detected. That may be caused by the fact that at low partial pressures 
of oxygen, SiC actively oxidizes according to the reaction [18, 19]:    
SiC(s) + O2 Jĺ6L2J&2J  
as opposed to the passivation reaction that occurs at larger oxygen partial pressures: 
SiC(s) + 3/2O2 (g) ĺ6L22(s) + CO (g) 
Additionally, CO and CO2 were detected which indicates reaction between the SiC tube and the 
evolved oxygen. Presumably a large amount of SiO was also created. However, the difference 
between gas evolution during the control run as compared to the sample runs shows that CO and 
H2 creation is coming from the reactive particles and not a reaction with the SiC tube. Only the 
oxygen appears to be interacting with the tube.  This still indicates a need for a reactor material 
that can cope with both the thermal shock and reactivity issues that thermochemical cycles 
requires. 
121 
 
      
 
Figure 5.41 H2 and CO production from NREL testing with integrated gas production per cycle  over the 
peaks [μmoles/g] for; a) H2 ALD shells, b) H2 Fe2O3, c) CO ALD shells, d) CO Fe2O3 
 
Analysis of the reactor performance was conducted by calculating the solar utilization ef-
ficiency using a solar-to-fuels equation: 
ᢡ =  
οܪ௙௨௘௟ ׬ ݎ௙௨௘௟݀ݐ
׬ ௦ܲ௢௟௔௥݀ݐ
 
where rfuel is the molar fuel production rate, ¨Hfuel is the higher heating value of the fuel, and 
Psolar is the incident solar power. The integrated value for the incident solar power, Psolar, can be 
taken as the total incident energy during a complete cycle or as only the energy required for the 
reduction step as has been done in other papers [5]. The reasoning for the latter is that the 
oxidation step can be conducted as the system cools in the absence of solar flux. Based on the 
small amount of reactive material that was used during experimentation, hydrogen production 
values were several times lower than would be expected from full capacity operation. This 
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translated into a maximum solar-to-fuel, full cycle, efficiency of 0.001%. If only the solar energy 
used during the reduction step is considered then a system efficiency of 0.003% was achieved. 
At full capacity, estimated by available volume, then peak system efficiencies were estimated to 
be as high as 0.27%. These numbers are indicative of small scale validation experiments for the 
field and are very comparable based on the calculation methods. Optimization of cycle condi-
tions and reactor configuration can further increase the solar utilization efficiency number.  
The most important result is the conversion efficiency of the ALD shells as compared to 
the bulk Fe2O3 nano powder on a per gram basis. The ALD shells were capable of producing a 
maximum per cycle fuel value of 250 J/g as compared to 27 J/g for the Fe2O3 powder. This 
represents almost an order of magnitude increase in solar-to-fuel conversion efficiency. This may 
be directly correlated to the retention of material surface area which is similarly increased by an 
order of magnitude.  
5.5 Conclusions 
The cobalt-ferrite water-splitting cycle has been investigated using high surface area ALD 
particles deposited on an alumina scaffolding. The particles were fabricated by first, coating a 
high surface area polymer substrate with alumina, then burning out the polymer and coating with 
active cobalt-ferrite material. The performance of these particles has been investigated in lab and 
on-sun at the HFSF. Reactivity of the particles showed excellent stability over a large number of 
cycles, especially as compared to commercial Fe2O3 nanopowder. Surface area decreased after a 
short number of cycles but stabilized at a value much higher than the Fe2O3 nanopowder . The 
cycle was also validated on sun in a reflective cavity reactor. Solar to hydrogen efficiencies of 
ALD particles showed an order of magnitude increase as compared to Fe2O3 powder. However, 
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reaction was observed between the SiC absorber tube and the evolved oxygen.  This information 
can be used to further improve solar-thermal water splitting technology.  
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6. Surface Modification of Graphite Particles 
 
6.1 Abstract 
Graphite particles have been coated with Al2O3 via atomic layer deposition. Due to the 
functionality of the graphite surface, an NO2 assisted chemistry was compared to the common 
Trimethylaluminum-water coating chemistry. Alumina content was measured via inductively 
coupled plasma spectrometry (ICP), LECO combustion analysis, and thermogravimetric analysis 
(TGA). While alumina was present, adherence was limited in both cases, and non-conformal 
films were deposited on the graphite particles. Coatings produced changes in particle interactions 
and dispersability. These changes were observed via sedimentation rates of particle suspensions 
in water and shift in Zeta potential values. Alumina-Graphite composites were sintered using 
coated and uncoated particles. Differences in bulk thermal properties are ascribed to enhanced 
dispersability of the coated particles in pre-sintered powder mixtures. EDS mapping of the 
sintered composites confirms the enhanced dispersion of the coated graphite particles. Particle 
coating through atomic layer deposition provides a means to improve particle dispersion which 
can result in sintered composites with enhanced thermal properties.  
6.2 Introduction 
Graphite has many industrial uses due to its excellent thermal, electrical, and mechanical 
properties. Colloidal dispersions of graphite are useful due to their lubricating and coating 
properties. Graphite doped composites and alloys have been created that utilize the superior 
thermal and mechanical properties of graphite to produce bulk materials with enhanced characte-
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ristics [1-4]. However, poor dispersability and oxidation at temperatures above 600°C limit 
graphite’s utilization as a high temperature ceramic additive [5, 6]. It is desirable to improve 
particle dispersion and wettability in suspensions and mixtures, to achieve more homogeneous 
properties in bulk materials.  
Atomic layer deposition (ALD) is a self limiting, gas phase process by which small 
amounts of material can be coated on a substrate to change the surface interactions while retain-
ing the bulk material properties. ALD has been shown to be an effective way to modify inter-
particle forces of bulk materials [7, 8]. Graphite is a difficult substrate to coat due to the inert 
nature of the sp2 bonds along the basal planes. However, it has been shown that the step edges of 
the lattice provide functionalization sites for deposition seeding [9]. These step edges also 
represent locations where particle-particle interactions are more likely to be controlled. By 
coating these functional sites, the interaction properties between these particles can be signifi-
cantly altered without coating the entire particle. Farmer and Gordon claim increased 
functionalization and better coating of single wall carbon nano-tube surfaces by dosing with NO2 
[10]. Physical adsorption of the NO2 to the graphite surface creates functional sites upon which 
layering can proceed.  
The incorporation of graphite into composite materials has been shown to impart several 
beneficial properties, including reduction of friction [3-5]. As process temperatures and material 
demands continue to increase there is cause to try improving the thermal shock resistance of high 
temperature ceramics. Industries such as nuclear and concentrated solar energy production push 
the limits of conventional materials [11]. Alumina has excellent strength and corrosion resistance 
at high temperatures but it is susceptible to thermal fatigue. Meng et al have reported enhanced 
thermal shock resistance in graphite doped ZrB2 composites [2]. Factors such as thermal conduc-
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tivity and thermal expansion can play a large role in how well materials withstand thermal shock. 
Because graphite has high thermal conductivity and low thermal expansion, it has the ability to 
impart enhanced thermal shock resistance. Homogeneous dispersion within a sintered composite 
can further improve these beneficial properties within a solid. Alumina-graphite composites were 
chosen for this study because of the contrast between the materials to withstand thermal shock. 
6.3 Methods 
6.3.1 Experimental 
GUDSKLWHSRZGHU)LVKHU6FLHQWLILFZDVVLHYHGZLWKDPHVKȝPVcreen and had 
DPHDQSDUWLFOHVL]HRIȝPDQGa surface area of 5.9 m^2/g. The fluidized bed ALD system 
described by King et al was used to coat the graphite powders [12]. The Al2O3 layers were 
deposited by dosing water and trimethylaluminum (TMA) as precursors split into the following 
two separate half-reactions: 
 (ܣ)  ܣ݈ܱܪכ + ܣ݈(ܥܪଷ)ଷ ՜ ܣ݈ܱܣ݈(ܥܪଷ)ଶ
כ
+ ܥܪସ 
 
 (ܤ)  ܣ݈(ܥܪଷ)כ + ܪଶܱ ՜ ܣ݈ܱܪכ + ܥܪସ 
 
where * indicates the surface species [13].  A cycle consisted of a 15 s TMA dose with a 360 s 
purge followed by a 15 s water dose and another 360 s purge. For the NO2 chemistry, five cycles 
consisting of alternating NO2-TMA dosing were conducted to establish a physical bond with the 
substrate before additional TMA-H2O cycles were attempted. A full cycle consisted of dosing 
with NO2 by entrainment in the fluidization gas stream for 15 s with a 360 s nitrogen purge then 
the TMA precursor was dosed into the bed for 15 s and then purged for another 360 s. The 
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pressure inside the system was held at ~3 Torr during the coating process. After the five cycles 
of NO2-TMA, at room temperature, 5 cycles of TMA-H2O were performed with the same dose-
purge times to further reduce the chance of desorption from the substrate. The system was then 
heated to 450 K and additional TMA-H2O cycles were carried out. Particles were coated with 90 
and 185 cycles of Alumina. Coated particles were removed from the system and sieved again 
ZLWKDPHVKȝm) screen. Alumina content was verified through ICP, LECO combus-
tion, and TGA.   
6.3.2 Surface Interactions 
Changes in coated particle surface interactions were tested via sedimentation rates in sus-
pension and changes in zeta potential. Sedimentation rates were measured using a PerkinElmer 
Lambda 35 UV/Vis spectrometer. Samples were prepared by mixing 0.01g of powder in 2.5 mL 
of de-ionized water. The spectrometer was zeroed before each sample to obtain a baseline. 
Before absorbance values were obtained, the samples were agitated for one minute in a sonicator 
then inserted immediately into the spectrometer. Absorbance values were obtained at 300, 500, 
700, and 900 nm to check for optical absorption changes due to the coatings. A data point was 
taken every two minutes for two hours, and then a final settling point was taken at 17 hours.  
The electophoretic mobility of the coated particles and uncoated graphite was measured 
for particles dispersed in suspension. The zeta potential, as a function of pH, was calculated 
using the Smoluchowski equation [14]. Additionally, particle size distributions were obtained for 
coated and uncoated samples using a Malvern Mastersizer 2000.  
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6.3.3 Sintering 
Alumina-graphite composite disks were produced to investigate sinterability and changes 
in bulk material properties due to ALD coating of the graphite particles. Alumina nano-powder 
Ȗ-Al2O3 Sigma-Aldrich) was mixed with different graphite loadings. The powder had a particle 
size of <50 nm, which roughly corresponded to double the maximum predicted ALD layer 
thickness, and a surface area of >40 m2/g. Alumina powder was mixed with coated and uncoated 
graphite powder in graphite loadings of 20%, 40%, 60%, and 80% by weight. Powders were 
blended by combining the mixtures with 10 weight percent ZrO2 spheres (2 mm diameter) and 
mixing in a rotating ball mill for 24 hrs. The ZrO2 spheres served merely as a mixing aid to 
prevent caking of the powders. Control samples of 100% alumina and 100% coated and uncoated 
graphite were also prepared. 
Hot pressing was done in a Thermal Technology Inc. graphite element furnace with a hy-
draulic press. The press was capable of a 10 ton maximum loading. The system was run under 
vacuum using an oil diffusion pump. Powder was loaded into a carbon die with an inner diameter 
of 25.4 mm. The temperature schedule used to sinter the pieces involved heating the sample at 
10°C/min up to 1450°C and holding for two hours, then cooling at the same rate. A pressure of 
20 MPa was applied once the sample reached the maximum temperature and was held for 2 
hours. The sintering schedule can be seen in Figure 6.1. This schedule was used because it 
formed alumina pieces with densities greater than 94% while keeping the pressure as low as 
possible in order to reduce additional stresses on the ALD films. Graphite powder with 185 
cycles of ALD alumina was used for the bulk of the samples. Additional samples were created 
using graphite with different numbers of cycles to check for any dependence on number of 
cycles. 
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Figure 6.42  Sintering schedule for all samples. 
 
After hot pressing, sample faces were lapped using 240 then 600 grit silicon carbide 
grinding disks and cut into pieces for analytical measurements. Density was measured according 
to ASTM B 962-08 which uses Archimedes’ principle [15]. Because many of the samples had a 
high porosity the standard advised vacuum impregnation with oil before samples were sub-
merged in water. The sample mass, before and after oil impregnation, was used for final density 
calculations.  
6.3.4 Thermal Properties 
Thermal diffusivity was measured by the laser flash method with a Netzch LFA 457 Mi-
croFlash device. Measurements were made at 27°C in a nitrogen atmosphere. Specific heat 
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capacity was determined through differential scanning calorimetery using a Netzch DSC 204 F1 
Phoenix. The linear thermal expansion coefficient was measured using a Netzsch DIL 402 C 
dilatometer. Thermogravimetric analysis was done to detect any changes in oxidation rates for 
the coated powders and the sintered composites. Residual mass was also used to compare 
alumina content as all of the graphite will vaporize in oxidizing environments above ~673 K, 
leaving only alumina. A Netzch STA 449 F1 Jupiter was used with an air flow rate of 50 sccm. 
Coated powders were heated at 5°C/min up to 800°C and held for 10 hours. Composites were 
heated at 20°C/min up to 1300°C and held until mass change stopped. 
6.4 Results/Discussion 
ICP comparison shows alumina content increasing with number of cycles however the dif-
ference between 90 cycle coatings with and without initial NO2 shows very little difference as 
can be seen in the top portion of Table 6.1.  
 
Test method Sample Alumina % 
ICP 
No NO2 90 cycles 1.8 
w/NO2 90 cycles 1.8 
w/NO2 185 cycles 2.8 
TGA 90 cycles 1.7 
185 cycles 2.9 
LECO 90 cycles 1.9 
185 cycles 3.1 
 
Table 6.1. Alumina content as measured through ICP, TGA, and LECO analysis. 
 
The lack of differentiation between the NO2 assisted coatings and the unassisted coatings may be 
due to the conditions in the fluidized bed.  In previous studies, NO2 was dosed statically into a 
coating chamber which contained suspended immobile nano-tubes. In this research, the NO2 was 
flown through a fluidized bed under vacuum. The discrepancy between dosing time and particle 
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fluidization interactions inhibited the creation of physical bonds between the particles and the 
NO2 gas in the fluidized system. As a result, alumina coatings were only applied at locations 
where the graphite was naturally functionalized, such as the step edges. TEM images of the 
coated graphite particles show the creation of a ~10 nm alumina layer in some places. This layer 
thickness corresponds to a 0.5 angstrom per cycle growth rate. Typical growth rates for alumina 
are on the order of ~1.1 angstrom per cycle [13]. As predicted, low functionalization on the 
surface of the graphite particles led to an overall reduced growth rate and non conformal coatings 
as seen by the TEM images in Figure 6.2. The left image shows a conformal film on the substrate 
while the right image shows sporadic islands on the surface of the particle.  
 
Figure 6.43 TEM images of conformal (left) and sporadic (right) alumina coatings on graphite particles 
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Table 6.1 also shows the residual mass after oxidation of powders in a TGA which again con-
firmed alumina mass values which scale with number of cycles. Carbon LECO analysis results 
corresponded well to alumina content estimates. 
UV/Vis spectroscopy tests of the coated powders showed decreased sedimentation of 
coated powders as compared to uncoated graphite. After 17 hours of settling, the ALD coated 
powders had more particle retention in the suspension. Absorption increased with wavelength for 
all samples but the absorption increased more, as wavelength increased, for graphite than for the 
coated powders. Absorption results at 500 nm wavelengths for graphite, and powders coated 
with 90 and 350 cycles can be seen in Figure 6.3.  
 
Figure 6.44 Sedimentation curves for coated graphite dispersions 
Figure 6.4 shows the resulting zeta potentials of the coated and uncoated graphite powder 
in suspension. The uncoated graphite has an isoelectric point of ~3 while the ALD coated 
graphite has an isoelectric point of ~5. Literature values for the isoelectric point of graphite are 
between 3-4.5 pH, which is in good agreement with our uncoated sample value [16, 17]. Our 
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coated samples clearly have a shift in isoelectric point to the right, which is in the direction of 
literature values for the isoelectric point of alumina, 9 pH [18]. This indicates a change in the 
surface properties of the particles due to ALD coating. 
 
Figure 6.45 Zeta potential of coated and uncoated graphite particles. 
 
Particle size analysis of the coated and uncoated particles can be seen in Figure 6.5. The 
uncoated particles have a bimodal size distribution with a weighted average particle sizes per 
mode of 17 and 818 microns and a total average particle size of 47 microns. The coated particles 
had average particle sizes of 38 and 39 microns for 90 and 185 cycles, respectively. By changing 
the functional sites on the graphite substrates the particle-particle interactions have been altered 
to reduce particle agglomeration and increase particle dispersion. This is apparent from the 
disappearance of the second particle size peak for the coated particles. 
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Figure 6.46 Particle size distributions for coated and uncoated particles 
 
Sintered composites were fabricated by mixing the coated and uncoated graphite with 
alumina powder. As the carbon loading increased, the sample density decreased as seen in Figure 
6.6. This was due to the fact that the carbon did not participate in the sintering process and 
inhibited densification of the alumina. There appeared to be no difference in density between the 
ALD coated and uncoated composites. SEM and EDS mapping did, however, show a difference 
in the graphite dispersion within the samples. Figure 6.7 shows carbon and aluminum content for 
composite samples with 40% alumina and 60% of either graphite or graphite coated with 185 
cycles of ALD alumina. Visual inspection indicates increased dispersion for the ALD mixture. 
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Figure 6.47 Composite density as function of Alumina and carbon content 
 
 
Figure 6.48 a) 40% Alumina/60% graphite carbon mapping, b) 40% Alumina/60% graphite aluminum 
mapping, c) 40% Alumina/60% ALD graphite 185 cycles carbon mapping, d) 40% Alumina/60% ALD 
graphite 185 cycles aluminum mapping. 
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Thermal property testing was conducted with samples that had carbon loadings of 40% or 
less. At higher loadings, the density and robustness of the samples made testing and handling 
difficult. Thermal diffusivity results for the pure alumina piece, 10.9 mm2/s, compared well to 
literature results of 10.0 mm2/s [19]. Graphite has a thermal diffusivity between 50-1000 mm2/s 
which is highly dependent on density and crystal structure of the sample [20-22]. It was hypothe-
sized that increased graphite loading would increase the overall thermal diffusivity of the 
composites. Results can be seen in Figure 6.8.  
 
Figure 6.49 Thermal diffusivity with coated and uncoated powders 
 
The ALD-Al2O3 composites have a higher diffusivity than the graphite-Al2O3 compo-
sites. This may be due to the enhanced dispersion of the graphite particles within the bulk. The 
decrease in the diffusivity of the graphite-Al2O3 samples is due to decreased bulk density. 
Specific heat measurements were made and, as expected, there was a strong correlation with 
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density. The graphite-Al2O3 samples appeared to have a higher specific heat compared to the 
ALD-Al2O3, as seen in Figure 6.9.   
 
Figure 6.50  Specific heat for coated and uncoated composite samples 
 
The thermal conductivity (k) of the samples was calculated using the equation: 
 ݇ = ߙߩܥ௣  
where Į is thermal diffusivity, ȡ is density, and Cp is specific heat capacity. The conductivity for 
the pure alumina sample was 29 W/mK, which corresponds well to the literature value of 30 
W/mK [23]. Graphite has a thermal conductivity of 120 W/mK and as loading increases the bulk 
conductivity was estimated to increase [21]. However, due to the decrease in density, the con-
ductivity values for both samples decreased. Figure 6.10 shows the conductivity results for the 
samples. The sample conductivities of the ALD-Al2O3 composites appear to have better thermal 
conductivity than the graphite-Al2O3 composites. This was again due to the enhanced dispersion 
of the graphite within the bulk.  
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Figure 6.51 Thermal conductivity with coated and uncoated powders 
 
Linear thermal expansion coefficient (CTE) values for the samples showed that the ALD-
Al2O3 pieces had a lower CTE than the graphite-Al2O3 samples, Figure 6.11. Literature values 
for the CTE of alumina are 8.18E-6 K-1 [19] and 7.6E-6 K-1 [21] for graphite. Discrepancies 
between the CTE of the composites and literature values were due to the porosity of the samples, 
but qualitative comparison is convincing. The ALD-Al2O3 composites had a lower thermal 
expansion coefficient compared to the uncoated composites. All of the thermal property data 
suggest that the enhanced dispersion of the ALD-Al2O3 powder within the composite leads to 
greater influence of the graphite upon the bulk material properties.  
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Figure 6.52 Thermal expansion coefficient for coated and uncoated composite samples. 
 
Coated powders were oxidized and compared to uncoated graphite. As expected all of the 
powders started to lose mass at around 650°C, as seen in Figure 6.12. The mass loss rate was 
slower for the coated powders which may be due to slower diffusion through and around the 
deposited alumina. Residual mass corresponds well with estimated alumina content from ICP 
and LECO analysis (Table 6.1). For the sintered composites, the oxidation rate is quite different 
between the coated and uncoated samples. Figure 6.13 shows a much slower oxidation for the 
ALD composite as compared to the graphite composite.  
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Figure 6.53 TGA oxidation curves for coated powders. 
 
 
Figure 6.54 TGA Oxidation of sintered composites. 
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6.5 Conclusions 
Alumina was successfully deposited on graphite through ALD in a fluidized bed under va-
cuum. Coatings were attempted with TMA-water and NO2 assisted chemistries. Neither 
chemistry appeared to have a distinct effect on the quality of the coating. Short dosing times, low 
pressures, and fluidization could have all played a role in inhibiting the creation of physical 
bonds between the graphite surfaces and the precursors. Alumina content scaled with coating 
cycles but films on the particles were not conformal.  
The particle surface interactions were influenced by the alumina deposition. This was 
shown through decreased sedimentation rates and a shifted isoelectric point between the coated 
and uncoated graphite particles. Additionally the ALD coatings produced a change in particle 
size and agglomeration.  
Sintered alumina graphite composites were made using ALD coated graphite. Based on 
density results, the ALD coating did not affect sinterability of the composites. The alumina 
coatings enhanced the dispersability of graphite within the composite. This led to improved 
thermal properties such as thermal diffusivity, thermal conductivity, and thermal expansion. The 
alumina ALD coatings slowed the rate of oxidation for graphite powders and composites. 
However no, long term, oxidation resistance was imparted to the materials. All of these characte-
ristics are important for enhanced thermal shock resistance. The utilization of ALD for enhanced 
dispersion of additive powders within composites has been shown to improve bulk thermal 
properties of the materials. This method may be well suited for composites with other “hard to 
disperse” particles such as carbon nano-tubes. 
 
144 
 
      
6.6 References 
1. Mukhopadhyay, S., Improved sol gel spinel (MgAl2O4) coatings on graphite for applica-
tion in carbon containing high alumina castables. Journal of Sol-Gel Science and 
Technology, 2010. 56(1): p. 66-74. 
2. Meng, S.H., et al., Mechanisms of thermal shock failure for ultra-high temperature 
ceramic. Materials & Design, 2009. 30(6): p. 2108-2112. 
3. Kang, S.J., et al., Solvent-assisted graphite loading for highly conductive phenolic resin 
bipolar plates for proton exchange membrane fuel cells. Journal of Power Sources, 2010. 
195(12): p. 3794-3801. 
4. Blau, P.J., et al., Reciprocating friction and wear behavior of a ceramic-matrix graphite 
composite for possible use in diesel engine valve guides. Wear, 1999. 229: p. 1338-1349. 
5. Wu, T.L., T.S. Lo, and W.S. Ku, Effect of Dispersion on Graphite Nanosheet Compo-
sites. Polymer Composites, 2010. 31(2): p. 292-298. 
6. Yilmaz, S., Y. Kutmen-Kalpakli, and E. Yilmaz, Synthesis and characterization of 
boehmitic alumina coated graphite by sol-gel method. Ceramics International, 2009. 
35(5): p. 2029-2034. 
7. Hakim, L.F., Surface modification of nanoparticles using atomic layer deposition in a 
fluidized bed reactor, in Chemical and Biological Engineering. 2006, University of Colo-
rado: Boulder. p. 271 p. 
8. Hakim, L.F., et al., Surface modification of titania nanoparticles using ultrathin ceramic 
films. Journal of the American Ceramic Society, 2006. 89(10): p. 3070-3075. 
9. Xuan, Y., et al., Atomic-layer-deposited nanostructures for graphene-based nanoelec-
tronics. Applied Physics Letters, 2008. 92(1): p. -. 
10. Farmer, D.B. and R.G. Gordon, Atomic layer deposition on suspended single-walled 
carbon nanotubes via gas-phase noncovalent functionalization. Nano Letters, 2006. 6(4): 
p. 699-703. 
145 
 
      
11. Lichty, P., et al., Rapid High Temperature Solar Thermal Biomass Gasification in a 
Prototype Cavity Reactor. Journal of Solar Energy Engineering-Transactions of the 
Asme, 2010. 132(1): p. -. 
12. King, D.M., et al., Atomic layer deposition on particles using a fluidized bed reactor with 
in situ mass spectrometry. Surface & Coatings Technology, 2007. 201(22-23): p. 9163-
9171. 
13. Ferguson, J.D., A.W. Weimer, and S.M. George, Atomic layer deposition of Al2O3 and 
SiO2 on BN particles using sequential surface reactions. Applied Surface Science, 2000. 
162: p. 280-292. 
14. Cosgrove, T., Colloid science : principles, methods and applications. 2005, Oxford, UK ; 
Ames, Iowa: Blackwell. xvi, 288 p. 
15. ASTM C1161 Standard Test Method for Flexural Strength of Advanced Ceramics at 
Ambient Temperature. 2008, ASTM International: 100 Barr Harbor Dr. PO Box C700, 
West Conshohocken, PA. 
16. Mwaba, C.C., Surfactant-Enhanced Dewatering of Graphite and Hematite Suspensions. 
Minerals Engineering, 1991. 4(1): p. 49-62. 
17. Kim, B.S., R.A. Hayes, and J. Ralston, The Adsorption of Anionic Naphthalene Deriva-
tives at the Graphite Aqueous-Solution Interface. Carbon, 1995. 33(1): p. 25-34. 
18. Holmberg, K., et al., Handbook of applied surface and colloid chemistry. 2002, Wiley: 
Chichester, England ; New York. 
19. Harper, C.A., Handbook of ceramics, glasses, and diamonds. 2001, New York: McGraw-
Hill. 1 v. (various paging). 
20. Nagano, H., et al., Measurement of the thermal diffusivity of an anisotropic graphite 
sheet using a laser-heating AC calorimetric method. International Journal of Thermo-
physics, 2001. 22(1): p. 301-312. 
21. Sheppard, R.G. Properties and Characteristics of Graphite.  2001  [cited 2010 May]; 
Available from: www.poco.com. 
146 
 
      
22. Nagano, H., et al., Thermal diffusivity of graphite sheet at low temperatures. High 
Temperatures-High Pressures, 2001. 33(3): p. 253-259. 
23. Tritt, T.M., Thermal conductivity : theory, properties, and applications. Physics of solids 
and liquids. 2004, New York: Kluwer Academic/Plenum Publishers. xxi, 290 p. 
 
 
 
 
  
147 
 
      
7. Conclusions and Future Research 
 
7.1 Conclusions 
A method for comparing materials of construction for solar thermal applications has been 
developed. Using ray trace optical modeling, coupled with computational thermal stress evalua-
tion, thermal stresses have been evaluated and mapped both spatially and temporally within 
materials of construction. Traditional thermal shock test methods have been adapted for solar 
thermal material characterization. Three potential high temperature materials have been modeled 
and experimentally tested for their robustness. The best performing materials have been incorpo-
rated into a prototype solar thermal reactor and tested under several solar-to-fuels process 
conditions. Finally, a study has been conducted into the feasibility of incorporating ALD coated, 
thermally robust, particles within the solid volume of thermally poor materials, to improve 
thermal shock resistance.  
Common high temperature materials of construction including; Haynes 214 super alloy, 
alumina, and silicon carbide, were modeled and experimentally evaluated for their thermal shock 
resistance. The modeling method that was developed helped to more accurately describe the 
thermal and structural conditions that materials are subject to during solar thermal operation. 
Model results predicted material robustness rankings, from highest to lowest, as; silicon carbide, 
Haynes 214, and finally alumina. Experimental evaluation of the materials, using a uniquely 
modified cyclic thermal shock testing method, agreed with the computational results. The entire 
computational and experimental procedure may be adapted to other solar thermal systems to 
more accurately predict process stresses and material fatigue. 
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A prototype solar thermal reactor was designed and built in order to test several solar 
thermal processes. The reactor design was optimized to intercept a maximum amount of incom-
ing energy flux, through ray trace modeling. The reaction tubes were housed within a cooled 
reflective cavity, which was an extremely novel design and allowed for rapid heating and cooling 
of the system. The system was capable of conducting reactions at temperatures as high as 1673 K 
for extended periods of time. High temperature biomass gasification was conducted within 
Haynes 214 reaction tubes. The system showed high conversion of solids to syngas, low produc-
tion of tars, and an increase in the energy content of the product stream. Due to below capacity 
operation and reactor inefficiencies, the solar utilization efficiency of the process was very low. 
The Haynes 214 reaction tubes exhibited acceptable performance during the testing. However, 
significant warping of the tubes during the short duration of the testing indicates that the material 
experiences significant creep while at operating temperatures. While the material is touted as one 
of the most capable high temperature metal alloys available it would be advisable to restrict 
maximum operating temperature of the material to under 1523 K. For the biomass gasification 
process the reduction in temperature could produce significant changes in the observed tar 
production. Further testing over a range of operating temperatures is required to optimize the 
process and material constraints. The experiments do, however, indicate the possibility of using 
concentrating solar energy for the production of renewable fuels from biomass. Several key 
advantages were identified and further improvements of reactor efficiencies make this technolo-
gy very appealing. 
A second high temperature process was also investigated using cobalt ferrite deposited on 
alumina supports for thermochemical water splitting within silicon carbide reaction tubes. ALD 
was used to create alumina supports on high surface area polymer particles. The polymer was 
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subsequently burnt out leaving hollow alumina shells, on which 20 wt% cobalt ferrite was 
deposited. The resulting particles showed improved surface area retention, after repeated thermal 
chemical cycling, as compared to Fe2O3 nanopowders. The improved surface area also resulted 
in an order of magnitude increase in reaction rate for CO2 and H2O splitting. The integrated H2 
and CO production also saw an order of magnitude increase on a per mass basis. Testing was 
conducted in lab using a stagnation flow reactor and at the HFSF at NREL. Strong pressure 
dependence was observed in the reaction kinetics during oxidation of the materials. Testing 
results show good cyclability and production from the ALD created particles. Small quantities of 
the reactive materials resulted in low solar to fuels efficiencies. However, the reactor performed 
well during the long testing cycles. The silicon carbide reaction tubes did not show any signs of 
warping or fracture throughout the testing. Unfortunately, due to the unique properties of the 
passivation layer, oxygen produced during the high temperature reduction of the redox materials 
reacted with the silicon carbide. While there was no obvious decrease in the materials structural 
properties the reaction between the tube walls and the reduction products makes silicon carbide 
unusable for such reactions.  
In an attempt to engineer a high temperature material that was both thermally shock resis-
tant and chemically stable, ALD of alumina on graphite was investigated as an oxygen barrier 
and a sintering aid. Graphite particles have excellent thermal shock properties, but they oxidized 
at moderate temperatures. By coating the graphite with alumina it was hypothesized that oxida-
tion resistance could be imparted to the particles. It was discovered that ALD coating of the 
graphite resulted in deposition only along step edges and surface defects, resulting in incomplete 
coatings. An attempt to functionalize the graphite surfaces using NO2 had little effect due to the 
environment within the fluidized bed coating system. Resulting particles did not gain any new 
150 
 
      
oxidation resistance. However, the surface properties of the particles were altered due to deposi-
tion on all the available functional sites on the graphite. These property changes resulted in 
enhanced dispersion of the powders within liquid-solid and solid-solid mixtures. The improve-
ment in dispersion resulted in sintered alumina-graphite composites with improved thermal 
properties. A comparison between sintered composites with uncoated and coated graphite as an 
additive, showed that a more homogeneous distribution of the graphite, imparted more of the 
favorable thermal properties to the bulk. While oxidation was impeded at higher temperatures the 
graphite phase within the solid was still susceptible.  
This work represents a broad investigation into state of the art solar thermal technology. 
Thermal stress creation and materials of construction were the main focus due to the importance 
of the problem and the lack of current research in the field. Additionally, reactor design optimi-
zation and characterization of two very promising solar-to-fuels technologies were investigated. 
Several advances were made and a pathway towards improving the materials of construction was 
highlighted.  
7.2 Future Research 
In order to fully validate solar thermal technology for industrial scale use several issues in-
cluding; thermal stress generation, materials of construction, reactor design, and process 
optimization must be addressed. The research that comprises this thesis makes significant strides 
in all of the mentioned areas. As the technology matures new ideas and questions arise. Based on 
this study, several exciting research projects have developed to continue and extend the current 
findings. 
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On the thermal stress front, adaptation of the stress determination testing should be utilized 
with a facility that is capable of long term continual operation. By adjusting the testing procedure 
to exactly fit an existing process the stress values can be used to better predict material lifetimes. 
Lifetime prediction requires large data samples to be accurate. Incorporating the method devel-
oped in this thesis with stress history recoding via acoustic emission monitoring could help to 
better monitor and predict material failures.  
An important outcome from the materials work was the realization that no single material 
was capable of handling the operating conditions that are currently required for solar thermal 
processes. The two solution methods that should be investigated are improvement of solar 
thermal reactor design and creation of more robust materials of construction. The large variabili-
ty in current reactor designs illustrates the creativity which is pervasive in the field. From the 
testing conducted in this thesis several important factor must be considered for design of the next 
generation of reactor. Of greatest importance is the thermal stress. New reactor designs need to 
incorporate either direct heating of reactive particles, use of a thermal shock resistant absorber, 
or consistent temperature control using supplemental electric or fuel heating sources. It is highly 
advisable that a dual heating system be considered to temper thermal fluctuations and provide the 
possibility of 24 hour operation. Operation of a chemical plant requires precise control and is 
greatly simplified by steady state conditions. Trying to be cost competitive is extremely difficult 
when your operation window is only 8 hours a day and a portion of that will involve ramp-up 
and ramp-down times. While the incorporation of an external energy source can reduce the 
carbon neutrality of the overall process, the barriers that must be overcome to get to large scale 
operation dictate that the technology will continue to be lab scale for the foreseeable future. 
Incorporation of existing technologies, however unsustainable, will provide valuable insight into 
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the large scale operation of solar thermal processes. Meanwhile, the carbon reduction benefits of 
utilizing a combined solar/fossil fuel cycle could reduce our current emissions by as much as 
30%. Much like the electric car, there are significant benefits to using existing technologies and 
realizing the efficiency increases in a hybrid system, rather than waiting for an all electric 
solution. 
The solar-to-fuels cycles discussed in this thesis have pushed the state of the art. The bene-
fits of high temperature biomass gasification include reduced tar production, high conversion 
efficiency, and the ability to feed a virtually indiscriminate feedstock.  There are several methods 
to further optimize the process. The incorporation of absorbing media could help to increase heat 
transfer and boost reaction rates. The introduction of “getter” materials that could help to shift 
product ratios may make the process more adaptable to downstream reforming. On the Cobalt 
Ferrite cycle the reaction with alumina has been shown to be reversible and the retention of 
surface area helps overall process efficiency. Future work should include investigation of opti-
mum metal ratios (Co, Fe, Al) and the use of more robust surface area supports. The amorphous 
supports created via ALD undergo several phase changes during heating to the operating condi-
tions. These phase changes are presumed to significantly deform the 15 nm structure. 
Commercially available supports that have high surface areas should be used to reduce particle 
degradation and maintain a large surface reaction. The dependence of pressure on the reaction 
kinetics also needs to be thoroughly investigated. Recent testing has indicated the ability to 
chemically cycle the ferrite materials at a consistent temperature. While some catalytic cracking 
of H2O occurs with these materials, significant absorption and desorption of oxygen has been 
observed when cycling between H2O and inert gas. This phenomena needs to be fully investi-
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gated as the isothermal operating conditions could greatly reduce the thermal stresses produced 
and simplify the overall process.  
Finally, improving the thermal shock properties of the construction materials would also en-
able solar thermal technology. The material improvements that occurred just from improved 
dispersion are promising. Continuation of this work should focus on complete coating of the 
thermally beneficial particles, either through improved functionalization of the graphite particles 
or incorporation of other easier to coat particles. A study should be launched to improve the 
oxidation resistance by ALD coating. At high temperatures, thermal expansion mismatch can 
cause coating failures and oxidation. A multilayer of coatings with a thermal expansion gradient 
may be capable of avoiding this issue. The enhanced dispersion properties imparted by the 
coatings, could have a large effect on materials that are historically difficult to disperse. For 
instance, carbon nanotubes are historically hard to disperse yet incorporation into bulk materials 
can create huge improvements in material properties. ALD represents a unique, low coating 
material loading, technique to achieve better dispersion. 
In order to change our energy production methods from fossil fuels, to renewable sources 
significant research is required. Not only must the technology be clean but it must also be cost 
competitive. This poses a daunting challenge to researchers. The closer we get towards achieving 
commercializing renewable energy, the more challenges become apparent. It is only with a 
combined effort, from all of humanity, that we will be able to achieve such a massive goal. 
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